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ABSTRACT
THE IONIC BASIS OF ARRHYTHMOGENIC EFFECTS OF CARDIOTONIC
STEROIDS IN CARDIAC PURKINJE FIBERS
William Jonathan Lederer
Yale University

1.

A two microelectrode voltage clamp technique was used to control

membrane potential and measure membrane currents in calf cardiac Furkinje
fibers exposed to toxic concentrations of various cardiotonic steroids
(CTS), including strophanthidin.

2.

A transient inward current (TI) was found to underlie the transient

depolarizations (TD) that had previously been associated with CTS-lnduced
cardiac arrhythmias.

3.

The voltage and tlme-dependence of the TI are appropriate to account

for the Increased automatlclty accompanying CTS intoxication.

This increase

in automaticity is quite different in mechanism from the increase in
automatlclty seen with epinephrine, which results from an alteration
in the potassium pacemaker current, i„ .
2

4.

The amplitude of the peak TI is very sensitive to temperature showing

a five-fold increase on warming from 26°C to 37.5°C.

|

5.

Ion replacement experiments showed that the transient inward current

!

^

am

is not carried by Na , Cl
|

a blocker of Ca

■H"

afa

or K , and is probably carried by Ca

. D600,

entry through the slow Inward current channel, rapidly

I
I

i
_ _ l ..
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and reversibly abolished the TI, thus suggesting the involvement of the
slow Inward current pathway.

6.

The role of the slow inward current pathway in regulating the TI is

supported by the observation that with varying repolarization levels the
magnitude of the TI mirrors the steady-state removal of inactivation at
the same potentials.

7.

Experiments with tetrodotoxin (TTX), decreased NaQ, and increased

CaQ suggested the involvement of Ca^ in the overall process.

8.

Current fluctuations arose during the application of CTS

accompanied the development of TIs.
ruled out two possible mechanisms:

and

Analysis of these fluctuations
random blockade of an electrogenic

pump and random opening and closing of simple ion-selective channels.
Autocovariance analysis indicated that these current fluctuations were
dominated by a low frequency component (about 1 Hz).

9.

A model is presented that can account for the TI to a first

approximation.

The model assumes a role for Ca^ and the slow inward

current channel.
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INTRODUCTION

Cardiotonic Steroids

Digitalis-like compounds are administered to patients primarily
because of their positive inotropic effects.

Their effectiveness

in this capacity is limited principally by their proclivity to produce
a wide spectrum of arrhythmias (see Moe & Farah, 1970).

The positive inotropic effect.

The ionic basis of the positive inotropic

effect of the cardiotonic steroids is controversial (see e.g. Besch &
Schwartz, 1970).

I

The disagreement centers around the involvement of

Na^. The "classical" view is based on the known effect of the cardio-

1

tonic steroids to inhibit Na/K ATPase (Schatzmann, 1953; Skou, 1957;
Repke, 1964; Skou, 1965).

Because the Na/K ATPase extrudes internal

|
if
t

sodium ions and delivers potassium ions to the inside of the cell, blockade

|

due to the passive flow of sodium and potassium down their electro-

of the enzyme will lead to a net accumulation of Na^ and a loss of

\

p
c
|

&
fi-

chemical gradients.

Since it is assumed that the extracellular

concentrations of sodium remains unaltered, one of the effects of the

|

administration of cardiotonic steroids will be the reduction in the

f^

electrochemical gradient across the membrane for sodium.

|

reasonable assumption coupled with the observed sodium gradient-

|

dependent calcium extrusion mechanism found in heart muscle by

v-

r;;

This very

Reuter & Seitz (1968) and in squid axon by Baker, Blaustein, Hodgkin &

I
Steinhardt (1969) led to the following suggestion by Baker et al.
(see also Langer, 1970).

They thought that cardiotonic steroids

might affect Ca^ through their effect on Na^.

This "Na-pump lag"

\
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3

hypothesis clearly depends on the accumulation
to bring about the increase in Ca^.
||

of internal sodium ions

The increase in Ca^ should, in turn,

be responsible for the positive inotropic effect.

Those who disagree

(Gadsby, Niedergerke & Page, 1971; Blood, 1975) claim that the positive
inotropic effect occurs too rapidly or at too low concentrations of
cardiotonic steroid to be accounted for by a change in Na^.

While the

opponents of the Na-pump lag hypothesis agree that Ca^ must increase in
|

order to explain the positive inotropic effect, they contend that the
cardiotonic steroids initially bring about this change by some other
mechanism.

They certainly do not rule out the participation of the Na-

pump lag effect in the toxic state (Lee, 1974).

Since the observations

discussed in this thesis will occur relatively slowly (over several minutes
rather than seconds) after the application of toxic concentrations of
cardiotonic steroids, the Na-pump lag hypothesis is a reasonable one
to use and should provide a helpful framework in which to discuss the
results.

$
&

Arrhythmogenic effect. The toxic, arrhythmogenic effects of the
cardiotonic steroids limit their use.

There are a wide range of

electrical effects of cardiotonic steroids on Purkinje fibers (see
below). Two distinct mechanisms clearly can be responsible for their
arrhythmogenicity:

Reentrant excitation and altered automaticity.

Reentry. The "Reentrant excitation" is a class of arrhythmias
generated by one of two methods:
conduction.

(1) slow conduction or (2) unidirectional

This type of arrhythmia does not depend on changes in

L
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Figure 1.1. Re-entrant excitation. Each of the three circles in A represents
a section of the Purkinje fiber system that includes a loop. Figure A1 shows
an impulse traveling towards the loop in its normal direction (represented by
the arrow). Figure A2 indicates that under normal circumstances, each branch
of the loop permits propagation of the impulse. Figure A3 shows that a single
impulse continues on in the normal direction. (B) Figure B1 has a branch of the
loop that cannot conduct an impulse in the normal direction but can conduct in
the opposite direction. This means that an initial impulse will only propagate
along the right hand portion of the loop. Figure B2 shows the impulse
propagating in the usual direction along the normal exit route from the loop
and also in the wrong direction along the left hand portion of the loop.
If the length of the left hand segment is long enough to allow the initial
junction to recover its excitability then the loop can become an ectopic
focus. Figure B3 then shows the resulting "ectopic focus." As the re-entrant
impulse passes the initial junction, it divides and one part is propagated
the wrong way away from the loop and the other part continues around the
loop as it did in the left hand figure.

R eproduced with perm ission o f the copyright owner. F urther reproduction prohibited w itho ut perm ission.

5

M'i
W

"automatlclty" which requires by definition a change in the slope of
diastolic depolarization.
Slow conduction can lead to arrhythmias If there are any asymmetries
in the conduction system.

Let us assume a geometry of conduction such

that an impulse can reach an endpoint by two pathways and only one of the
pathways conducts slowly.

If the common endpoint has recovered excitability

by the time the impulse arrives by way of the slowly conducting pathway,
then that second impulse can be propagated beyond the common endpoint.

It

could travel along the normal pathway following the first impulse, perhaps
giving rise to an inappropriate contraction; it could also travel backwards
|

along the fast pathway, possibly generating a series of ectopic impulses
similar to those generated by unidirectional conduction (below).
Unidirectional conduction is understood to mean that an impulse
cannot be conducted in the normal direction but can be conducted in the
opposite direction.

As indicated in figure 1.1, such a conduction defect

coupled with an appropriate geometry can allow a single impulse to
generate a series of ectopic impulses.
Traditionally the cause of both types of reentrant excitation has
been attributed to localized depolarization in the His-Purkinje system
(Singer, Lazzara & Hoffman, 1967).

The depolarization in cardiotonic

steroid intoxication has been attributed to loss of internal potassium.
In any case the explanation is, that depending on the degree of depolari
zation, the extent of inactivation of the fast sodium channels, the geometry
of the Purkinje system and the excitability of the slow inward current
|

channels (i.e. values of d^ and f , see figure 1.2), one could get either
slow conduction or unidirectional conduction.

1
Automaticity. Under the simplest conditions of cardiotonic steroid intoxi
cation (i.e. in the absence of conditions like myocardial ischemia or myocardial
1"'^

^

W — W**/

9

—

W
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— —

♦*V
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Figure 1.2. Steady-state activation and inactivation functions for the slow inward current from
myocardium. (A) Steady-state activation function, d^.(B). Steady state inactivation function, f
(From Reuter, 1974b).
°°

ON

gives rise to the marked changes in automaticity that have been
observed (Vassalle, Karis & Hoffman, 1962; Dudel & Trautwein,
1958; and Kassebaum, 1963).

See figures 1.3 and 1.4.

Vassalle,

Karis & Hoffman (1962) demonstrated that Purkinje fibers showed
increased automaticity following cardiotonic steroid application
while myocardium did not.

Apparently Purkinje fibers show greater

sensitivity to the toxic effects of cardiotonic steroids than heart
muscle because they have a greater ionic exchange rate and for that
&

s

reason are more likely to be affected by a blockade of the Na/K ATPase

1

(Polimeni & Vassalle, 1971).
While the automaticity of the myocardium appears unaffected by the
application of cardiotonic steroids relative to the Purkinje fiber system,
and would seem to go into contractures before generating spontaneous
$

I

impulses, (Polimeni & Vassalle, 1971), there is more to the story.

Ferrier

(1975) has shown that under more extreme conditions, the muscle can show
altered automaticity.

Ferrier found that applying 60 nM Ba++ in the

absence of cardiotonic steroids or by stretching the muscle in the
presence of the drugs, he could occasionally produce an alteration in
automaticity.

Thus heart muscle also has the ability to alter its

automaticity like Purkinje fibers and the difference between the effects
of cardiotonic steroids on the two tissues is basically a quantitative one.
Rosen, Gelband and Hoffman (1973) have been able to show that
cardiotonic steroid-induced arrhythmias seen on electrocardiograms
had electrical correlates in isolated Purkinje fibers.

Furthermore,

they demonstrated that the same concentrations of drug produced both
effects.

They gave a dog enough ouabain to produce toxic effects as

indicated by an external electrocardiogram while using that dog's
blood to superfuse a second dog's isolated cardiac Purkinje fiber.
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Figure 1.3. Progressive alteration in Action potential configuration in
canine Purkinje fiber due to the application of the cardiotonic steroid,
ouabain. The control is shown in (a). The action potential initially gets
longer (b). Subsequently as the action potential duration decreases, the
plateau height is diminished and there is an increase in the slope of the
diastolic depolarization (c). (From figure 6, Hoffman & Singer, 1964).
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Figure 1.4. Effect of progressive cardiotonic steroid intoxication on the
action potential of calf Purkinje fibers. Action potentials were
stimulated continuously at .5 Hz in fibers treated with 1 uM strophanthidin
for varying periods of time. (0) Control. (1) 5 minutes. (2) 18 minutes.
(3) 57 minutes. Record (3) is the last action potential in a train of action
potentials stimulated at 1 Hz. Preparation 115-1.
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The time course for the development of the toxic effects was comparable
in both preparations.

The isolated Purkinje fiber developed marked

changes in automaticity as the monitoring electrocardiogram revealed
changes in the rhythmicity of the whole heart.

The possibility

remained, however, that the heart muscle itself was contributing
ft

|

to the generation of aberrant impulses.
(1973) examined this question.

Ferrier, Saunders & Mendez

They showed in a single preparation

containing both a Purkinje fiber and an attached piece of papillary
muscle, that the Purkinje fiber showed marked changes in its
diastolic depolarization while the muscle remained unaltered (see
figure 5.1).
It is clear that an increase in automaticity by itself can lead
to arrhythmias if the spontaneous rate of any Purkinje fiber were to
exceed the normal sinus rate.

Saunders, Ferrier & Moe (1973) have

also been able to show that slowed conduction, unidirectional conduction
|

or conduction block can arise through an Increase in automaticity
as well.

The kind of change in automaticity that they have observed

is fundamentally different from the changes in automaticity seen
with the application of neurohormones like epinephrine.
be discussed in detail later.
"transient depolarizations"

This point will

In brief, however, they have observed
(IDs) that can follow a series of action

potentials after the application of cardiotonic steroids (they used
acetylstrophanthidin). See figures 1.5 and 5.1.

These slow

depolarizations presumably can also inactivate the fast sodium
conduction system and for that reason lead to the slow conduction,
unidirectional conduction and conduction block demonstrated by
Saunders et al.
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It would seem, then, that the limiting factor in using cardiotonic
steroids to increase the contractility of the heart is the development
of ventricular arrhythmias.

From the evidence presented here, it would

appear that the source of many of these electrical disturbances is the
specialized conducting system including the Purkinje fibers.

Questions. Several questions are raised by the above discussion.
(1)

How are the acceleratory effects of the cardiotonic steroids

produced?

What is the ionic basis of the observed alteration in

automaticity?
(2)

What is the relationship between these observed chronotropic

effects and the clinically important inotropic effects?

In order

to approach these questions, it is important to briefly review what
is known about the ionic basis of the normal action potential in
Purkinje fibers.

Action Potential in Purkinje Fibers
The ionic basis of the action potential in Purkinje fibers has
been the subject of considerable study since Weidmann's early work
(Weldmann, 1951; Draper & Weidmann, 1951).

Several recent reviews

have summarized the literature since then (Fozzard & Gibbons, 1973;
Trautwein, 1973; Weidmann, 1974; Noble, 1974).
The rapid upstroke is dependent on the entry of sodium through
channels that behave very much like those of the squid axon (Weidmann,
1955).

&

The initial rapid repolarization results from chloride entry

down its electrochemical gradient (Dudel, Peper, Rlidel & Trautwein, 1967a;
Fozzard & Hiraoka, 1973).

The turning on of a slow inward current,
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, carried principally by calcium (Reuter, 1967), results in a notch

as the membrane again depolarizes several millivolts.

I

The plateau

results from the combination of i . and a low overall ionic conductance
si
and comes to an end as an outward potassium current, i^, turns on
(Noble & Tsien, 1969).

Following repolarization, the membrane potential

slowly depolarizes as the potassium pacemaker current, i. , turns off
2

(Noble & Tsien, 1968).

The Slow Inward Current
The plateau of the cardiac action potential is supported principally
by the influx of calcium ions through the slow inward current channels
(Reuter, 1967; Rougier, Vassort, Gamier, Gargouil & Coraboeuf 1969;
Beeler & Reuter, 1970a)Vitek & Trautwein, 1971).

The current, known as

igi, is similar in one major respect to the fast inward current carried
by sodium.

The kinetics of igi can be described by a time and voltage-

dependent activation function ti multiplied by a time and voltage-dependent
inactivation function jf (Basslngthwaighte & Reuter, 1972). These functions
3
would be similar to m and h respectively used to describe the Na channels.
There are several differences.

(1)

ig^ activates slowly (tens of

milliseconds) and inactivates even more slowly (hundreds of milliseconds).
(2)

A different cation carries most of the current, calcium instead of

sodium.

(3)

sensitivities.

The channels show very different pharmacological
TTX does not affect the plateau current while Mn, La,

L600, verapamil and epinephrine do.

Activation and inactivation. The kinetics of the slow inward current have
£

been characterized more completely for ventricular muscle (see
Basslngthwaighte & Reuter, 1972) than for Purkinje fiber, but all

Ki
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Indications are that the kinetics are similar.

The information

presented here is taken from Reuter (1974b) who worked on ventricular
muscle and should roughly characterize the Purkinje fiber as well
(see Vitek & Trautwein, 1971).
The steady state activation parameter for i

do,, is normally

fully activated for potentials more positive than -10 mV, half-activated
at -25 mV and deactivated at potentials more negative than -40 mV.
The activation time constant, x ,, is about 20 msec at -40 mV.
d

The

p

steady state inactivation parameter, £», is complete (i.e. equal to

I

zero) at potentials more positive than -10 mV, half-complete at -30 mV

tc
I

and equal to 1 at potentials more negative than -50 mV.

See figure 1.2.

I
Slow inward current and contraction.

Since the Purkinje fiber membrane

is more permeable to calcium during the plateau phase of the action
potential, an obvious question is what role does ig^ play in normal
contraction.

While the full answer is not known, there are two

observations made in myocardium by Reuter (1974a) that argue against
the plateau calcium current directly activating contraction.

(1)

The

—6

calcium ion influx during an action potential is small (1 - 5x10

M/1

cell volume) (Reuter, 1974a) compared to the amount needed to fully
-4
activate the contractile machinery (about .5x10
M/kg heart muscle
Katz, 1970).

(2) There is a discrepancy between the magnitude of the

plateau current for a given action potential and the strength of the
resulting contraction.

After a quiescent period, an action potential

evokes a small contraction although the inward calcium current is large.
With successive action potentials, the contractions get stronger while
ig^ gets somewhat smaller.

Such a positive "staircase" effect with a
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slightly decreased slow inward calcium current argues against the
li
simplest kind of involvement of ig^ in contraction.

Wood, Heppner &

Weidmann (1969), Beeler & Reuter (1970b) and Bassingthwaighte & Reuter
fe

(1972) propose a mechanism that makes use of the plateau Ca current.

I

Their thought is that the sarcoplasmic reticulum (SR) represents an intra

I;j
S
I

cellular buffer for calcium ion.

In particular, the cisternae of the SR

accumulate, store and release Ca.

The positive staircase thus takes place

because the cisternae accumulate calcium as more action potentials occur.
$
I
■$
P
'

With increased calcium stores, the amount of calcium the cisternae release
during a series of action potentials increases in a beat-by-beat manner.

fit

Such a hypothesis would argue that the SR cisternae control the inotropic
state of the muscle.

A possible role of ig^ in the overall process would

be to influence the loading of the cisternae.

Since cardiotonic steroids

are known to affect the inotropic state of both heart muscle and Purkinje
fibers (Ferrier, 1975), it is conceivable that this effect is mediated
by the action of the cardiotonic steroids on the slow inward current as
has been suggested by Fozzard (1973).

The positive inotropic effect in

such a case would be brought about by the increased calcium ion entry
affecting both Ca.^ and also the cisternal stores of calcium.

If the

normal slow inward current were increased by cardiotonic steroids, one
might expect an elevation of the plateau level as is found for
epinephrine and norepinephrine, agents which are known to increase
ig^ (see Reuter, 1967, 1974b).

Microelectrode recordings demonstrate,

however, that the changes in electrical activity are more complex.

Earlier

studies show how variable the effects of the cardiotonic steroids are
on the plateau; sometimes they increase the action potential duration
while sometimes they decrease it.

See Table 1.1.
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TABLE 1.1

Effect of Cardiotonic Steroids on the electrical activity
isolated Purkinje fibers (Modified from Hoffman & Singer, 1964).

g
t
1
1
&
1
i

1
I
1
1
1
8
Msis
1
1
t
1
£
a
N’.
1
£H

Action Potential
Characteristic

Low Concentrations

High Concentration
(toxic)

Diastolic depolarization
(= phase 4)

unchanged or increased
(1,2,3,5)

increased
(1,2,4,5)

Action Potential
duration

initially increased
later decreased
(1,2,5)

decreased
(1,2,3,4,5)

Action Potential
amplitude

unchanged
(1,2,3)

decreased
(1,2,3,4,5)

Resting potential
or maximum
diastolic potential

unchanged
(1,2,3,5)

decreased
(1,2,3,4,5)

rate of rise of
action potential

♦unchanged
(1,2,3,5)

decreased
(1,2,3,4,5)

&
&

s

* when phase 4 showed no change
1.
2.
3.
4.
5.

Dudel & Trautwein (1958)
Kassebaum (1963)
Vassalle, Karis & Hoffman (1962)
Coraboeuf, deLoze & Boistel (1953)
MUller (1963)

R eproduced w ith perm ission o f the copyright owner. F urth er reproduction prohibited w itho ut perm ission.

My experiments done in 1 uM strophanthidin show a rather complex
pattern.

See figure 1.4.

The obvious rise in plateau height at

5 minutes exposure might be due to an increased entry of calcium.
Continued exposure, however, drastically reduces the plateau height and
the action potential duration.
I

Since several currents are involved in

the generation of the action potential, simple electrical recordings
are Inadequate to indicate which current components are responsible.
Such a task requires the use of voltage clamp analysis.

It is significant,

however, that the severe alterations in pacemaker depolarization
correlated with ventricular arrhythmias, occur at a time late in
intoxication when the action potential duration and the action potential
height have been significantly reduced.

It is also known that by this

stage of intoxication, Purkinje fiber contractile activity has been
increased (Ferrier, 1975).

While it is clear that the plateau calcium

current probably plays an indirect role in supplying calcium to
activate contraction, the exact scheme remains unknown.

For that

reason, I can only guess at the importance of this calcium current
in the overall action of the cardiotonic steroids.

Diastolic Depolarization

Automaticity. Under normal conditions in vivo the Purkinje fiber system
is not involved in the generation of spontaneous impulses that lead to
cardiac contraction (Hoffman & Cranefield, 1960).

Normally the tissue

that regularly depolarizes with the shortest period is in the sino-atrial
node.

Under these circumstances the Purkinje fiber system acts simply to
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I
I
I
%

conduct the cardiac action potential to the ventricles.

With the usual

external K+ concentration (4.0 mM) and with a rapid external stimulus
(the sino-atrial. nodal impulse) the Purkinje fibers act very much like
a nerve axon.

The basic membrane machinery is present in the Purkinje

fiber, however, to generate impulses spontaneously.
|
|
|

While only a few

isolated Purkinje fibers in 4.0 mM external potassium will generate
spontaneous impulses, at lower concentrations of external potassium
(around 2.7 mM for example), most Purkinje fibers will develop such
activity.

The cellular basis of this spontaneous activity has been

explored in considerable detail by previous investigators (Deck &
Trautwein, 1964; Vassalle, 1966; Noble & Tsien, 1968).

Pacemaker
potassium current, i„ .
------------------------------ k2

In looking at slow current components

over the "pacemaker" range of potentials, Noble & Tsien (1968) found
a current labeled L

, or the "pacemaker potassium current."

Voltage

2

g

clamp analysis indicates that in the steady state, the current is fully
deactivated at -90 mV.

The maximum time constant for the decay of iv
2

occurs around -75 mV and is about two seconds.

The total potassium

current over the pacemaker range of potentials is thus a sum of the
time-dependent pacemaker current, lv , and the time-independent,
2

potential-dependent "background" potassium current, iv . The actual
1
depolarization thus takes place because the background sodium current
is unmasked as i_. decays.

The effect of external potassium mentioned

2

above is surprising.

One might think that with a lower extracellular

K+ concentration, the magnitude of iv would increase without affecting
1
the background inward leak of sodium because of a larger driving force
due to a more negative E^,.

The net effect would then be to keep the

membrane potential more negative.

Decreased extracellular K+, however,
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has a direct effect of lowering Pv (see Noble, 1965) thereby causing
K.
a given inward leak of sodium to have a larger depolarizing effect.

Altered automaticity.

There are. a variety of agents that affect

isolated Purkinje fiber automaticity besides external potassium.
Epinephrine (1 pM) has been convincingly demonstrated to affect
Purkinje fiber automaticity by shifting the activation curve of iv
2

in the depolarizing direction by 20 mV (Hauswirth, Noble & Tsien, 1968).
In addition epinephrine alters i,. kinetics by increasing the rate at
2

which i„

is turned off at potentials negative to -80 mV.

Thus

2

epinephrine effectively alters Purkinje fiber automaticity by turning
off iv both more rapidly and more completely over the pacemaker
2

range of potentials (Hauswirth, Noble & Tsien, 1968; Tsien, 1974a).
Cyclic AMP may mediate this effect of epinephrine on i

(Tsien,
2

1973) and such a notion is consistant with the findings that the
phosphodiesterase inhibitors theophylline or R07-2956 ^-(3,4-dimethoxy-

i

benzyl)-2-imidazolidinone) occluded the effect of epinephrine on
i.. when applied in maximally effective doses (Tsien, 1974b).
2

While the altered pacemaker activity of the Purkinje fiber is
not unmasked under normal conditions in vivo, there are a variety of
clinically important problems that presumably result from the untimely
development of spontaneous activity in the Purkinje fibers.

Such

incidents are well known to take place when an individual has a low
serum K+ concentration or a high serum catecholamine level (Scherf &
Schott, 1973) and, from the previous discussion, it is clear that the
mechanisms underlying this spontaneous activity are well known.

As

indicated earlier, cardiotonic steroid drugs are also known to affect
ventricular automaticity in patients (Pick & Igarashi, 1969) and
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alter isolated Purkinje fiber automaticity (Hoffman & Singer, 1964).
I
a
;;
n
|

The cellular basis of these effects remain unknown and will be
discussed in detail below and in the following chapters.

Cardiotonic Steroids and Purkinje Fiber Automaticity
Diastolic Depolarization. Since 1973 four groups have reported essentially
similar observations on the effect of cardiotonic steroids on Purkinje
I
|

fiber automaticity (Ferrier, Saunders & Mendez, 1973; Davis, 1973; Rosen,
Gelband, Merker & Hoffman, 1973; and Gandel, Wittenberg, Hogan and Klocke,
1970).

|

Using a variety of different protocols and working independently,

these diverse groups have been able to establish that the Increase in
diastolic depolarization following a series of action potentials can be
related to a variety of parameters.

Some of these parameters include action

potential frequency and the number of preceding action potentials.
This work has done much to improve the description of some of the
puzzling phenomena that have been related to cardiotonic steroid-induced
ventricular arrhythmias.

It is better understood now that a "premature"

stimulus in a series of action potentials can somehow stimulate the
formation of a transient depolarization (TD) that may or may not go on to
produce a second "premature" action potential.

It is also clear that the

rate related generation of TDs follows the same kind of rules that the raterelated generation of extrasystoles have been shown to follow by Lown and
his coworkers (see e.g., Hagemeijer & Lown, 1970; see also Zipes, Arbel,
Knope & Moe, 1974).
The result of this work is to reduce the clinical question of
"What causes the cardiotonic steroid-induced ventricular arrhythmias?"
to a simpler one.

The new question is, "What is the ionic basis of the
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increased diastolic depolarization in Purkinje fibers associated with the
application of cardiotonic steroids?"
||

Various hypotheses have been proposed in order to explain the observed
increase in diastolic depolarization seen after the application of cardio-

|

tonic steroids.

|
'&
i

While each can explain at least one aspect of the observed electrical

•fy

These have been organized under four main headings, below.

activity, none of them has succeeded in fully explaining the ionic basis
of the observed increase in diastolic depolarization and its relationship
to a preceeding series of action potentials.

Potassium depletion hypothesis. Mtlller (1963) thought that all of the
electrical effects of toxic concentrations of the cardiotonic steroids could
be explained by the depletion of potassium from the intracellular stores.
I;
Certainly the more positive resting potential Mllller noted could be
explained by a change in E^.

An adequately positive E^^ could bring the membrane

potential into a range where voltage oscillations across the membrane could
depend on the repolarization current, i . Such "low voltage oscillations"
X

arise through the interaction between the turning off of ix (Hauswirth,
Noble & Tsien, 1969) and the turning on of i . (Aronson & Cranefield,
S1
1974; Kass & Tsien, 1975b).

Low voltage oscillations are not at all

typical of the kind of automaticity seen first in patients with cardio
tonic steroid intoxication.

They are also not the usual kind of

intoxication seen in isolated Purkinje fiber preparations, for these
oscillations occur at potentials positive to -60 mV and are undamped.

Such

low voltage oscillation undoubtably occur at later stages of intoxication,
however.
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?

alteration hypothesis.

Since the decay of iv

underlies the

k2

development of the normal pacemaker potential, it is natural to
suspect it might be involved in any change in automaticity.

Vassalle &

Musso (1974) concluded that strophanthidin" ... induces spontaneous
activity by affecting the process which underlies diastolic depolari
I'y.

zation."

Gelles & Aronson (1973) argued along similar lines: "... the

I)'.

enhancement of pacemaker activity seen following ouabain administration
may be due to a shift in the voltage dependence of the inactivation (sic)
of the pacemaker current."

They modified their argument in a later

paper by stating that "... the increase in slope of diastolic depolari
zation, characteristic of early stages of ouabain toxicity, may be
attributable to an increase in the net inward current that is the
expected result of the decrease in i

observed in the presence of
2

ouabain for less than 60 minutes."

(Aronson, Gelles & Hoffman, 1973).

Both papers suggest as does Vassalle's that an alteration in ±v per
2
se underlies the arrhythmogenic effects of the cardiotonic steroids in
isolated Purkinje fibers.

Aronson et al. (1973) agree with MUller that,

eventually, the effects of cardiotonic steroids on

become important.

They feel that the effects of greater toxicity allows "...automatic
activity dependent on a mechanism separate from iv

to become operative
2

in its appropriate voltage range."
are two effects.

They suggest, then, that there

There is an early effect on i„

that reduces the
2

magnitude of that current.

Following the early effect on i„

there

2

is a second effect which is the one noted by MUller due to a loss of
intracellular potassium.
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Electrogenic pump hypothesis.

A third hypothesis is based on the notion

that the Na/K ATPase acts as an electrogenic pump.

If this were true,

as seems likely (see Trautwein, 1973), then blocking the pump with a
tv
pi

u

cardiotonic steroid would reduce the outward pump current, which is
equivalent to increasing a depolarizing inward current.

Direct

application of small amounts of depolarizing current is known to favor
automaticity (Trautwein & Kassebaum, 1961).
Isenberg & Trautwein (1974) studied the effect of dihydro-ouabain
on membrane currents under voltage clamp conditions.

Their experiments

revealed that an early effect of cardiotonic steroids was a potentialindependent shift in the current-voltage relationship.

This would

support the idea of an inhibition in pump current, but granting that
such a shift occurs, it is not clear how much such a shift might be
due to changes in I
and how much might be due to changes in F.
pump
K
(Cohen, Daut & Noble, 1975).

In any case, the blockade of an electro

genic pump alone cannot account for all of the observed effects on
the action potential seen in figure 1.4.

Clearly a decrease in I
pump

would tend to increase the action potential duration, assuming other
current components were unaffected.

While this could explain the early

prolongation of the action potential, it cannot explain the shortening
of the action potential that occurs as increased diastolic depolarization
is seen.

Calcium influx hypothesis. An indirect argument against the electrogenic
pump hypothesis comes from action potential experiments:

transient

depolarizations are strongly enhanced by repetitive activity (Gandel,
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Wittenberg, Hogan & Klocke, 1970; Davis, 1973; Ferrier, Saunders &

|

Mendez, 1973).

Thia dependence on action potential history auggesta

&

something more subtle than a mere change in electrogenic current.
Ferrier & Moe (1973) in examining the problem have determined
that the transient depolarization clearly depends on the external
calcium ion concentration.

Removing external calcium reversibly

I
abolishes the TDs while increasing Ca leads to larger TDs.
o
I|

Further-

more, they determined that Mn, a blocker of the slow inward current
is also able to abolish the TD when

CaQ is normal.

Rosen, Ilvento,

Gelband & Merker (1974) reconfirmed this work and also showed that a
different antagonist of ig^, verapamil, was also able to reduce or
abolish transient depolarizations.

Clinically it is recognized that

elevated serum calcium ion potentiates digitalis toxicity and that
verapamil can be used to reduce such on-going effects.

There is

clear evidence, then, implicating external calcium in the TD
phenomenon.
Exactly what external calcium is doing to bring about the TD
is not at all clear.

The Mn and verapamil results seem to implicate

the slow inward current in some capacity.

Clearly the other hypotheses,

while unable to explain everything, might still be correct in part.
Much work, then, needs to be done to clarify the roles of the
various current components in the generation of the transient
depolarization phenomenon.
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METHODS

The preparation and the set-up
All voltage clamp and action potential experiments were done in
calf Purkinje fibers.

The hearts, obtained at a local slaughter house,

were in my hands within ten minutes of the animal's death.

Cold (about

4°C), oxygenated Tyrodes solution (composition below) was poured through
slits made at the apex of each ventricle in order to wash out all of the
blood in the heart chambers.

The hearts were then transported in cold,

oxygenated Tyrodes solution to the laboratory (about 15 minutes). Freerunning Purkinje fibers (about 0.4 mm in diameter) were then dissected
from both ventricles, placed in oxygenated Tyrodes solution at 35°C,
and cut to lengths of about 2 mm.

Experiments were not begun until

the fibers had incubated in the warm (35°C) for at least an hour in order
to insure adequate "healing-over" of the cut ends.
some fibers were stored at
I

After incubation

35° whileothers werekept

temperature (about 20°C).Over the course of

at room

theseexperiments I

have not noticed any significant difference in the results obtained
from the fibers stored in the warm or at room temperature.

Solutions. The modified Tyrode solution used in these experiments was made
according to the following formula (cf. Dudel et al. 1967a):
Substance

Concentration (mM)

Na(as chloride and from Tris maleate - NaOH)
K (as chloride)
Ca (as chloride)
Mg (as chloride)
d-glucose
Tris-maleate (Na-salt)
Chloride (from above)

149.5
4.0
5.4
0.5
5.0
10.0
154.8

approximate total osmolarity

329.2
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The solutions were made up the evening prior to the experiment and
kept refrigerated until used.

Under these conditions the Tris-maleate

buffer kept the solution buffered at pH 7.4.

In sodium replacement

experiments Tris-HCl, lithium chloride or choline chloride (without
|

atropine) was substituted for sodium chloride in equimolar amounts.

In

chloride replacement experiments, methy1-sulfate or isethionate was used
as a substitute anion.

All specific alterations in solutions will be made

clear as the individual experiments are described.

Drugs. Several cardiotonic steroids were used.

Ouabain (Sigma),

AY-22,241 (Ayerst) (Pastelin & Mendez, 1972) and strophanthidin (Sigma)
were used in various experiments.

Strophanthidin was used at the

suggestion of Dr. John Sachs who described its rapid onset of action
and its ready reversibility.

(See section on choice of Cardiotonic

Steroids). The following drugs were kindly provided to me by the
designated firms:
X537A Dr. Julius Berger, Hoffman-La Roche Inc., Nutley, N.J.
A23187

Dr. Robert L. Hamill, Eli Lilly and Company, Indianapolis,
Indiana

D-600

07110

46206

Knoll A.-G. Chemische Fabriken, Ludwigshafen Am Rhein

Propranolol-HCl Ayerst Laboratories, Inc., New York, New York
TTX Sankyo Co., Ltd., Tokyo Japan.
Ay-22,241

Dr. J. Gliklich, Columbia University and Dr. R. Deghenghi,
Ayerst Research Laboratories, Montreal, Canada.

z

Electrodes. Three methods have been used to fill electrodes with
electrolyte.
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(1)

Boiling.

Kimble Kimax-51 capillary tubing (OD « 1.2-1.5 mm,

wall ■ .2 mm, Owens-Ill. Co., Vineland, N.J.
|
£

08360) was pulled on

an Industrial Science Associates micropipette puller M-l (63-15 Forest
Avenue, Ridgewood, N.Y. 11227).

This same two-stage puller was used

in making electrodes regardless of the method used to fill the electrodes.
The electrodes were filled with 3M KC1 or 3M K-citrate by boiling the
electrodes in the appropriate solution under a vacuum.

Electrodes

were accepted when they had tip resistances between 12 megohms and
30 megohms.
(2)

Fiber-filled.

Coming glass 7740, OD ■» .047 inches (1.19 mm),

wall ■ .008 inches (0.203 mm) was filled with fine glass fibers.
Between 3 and 20 glass fibers were inserted into the capillary tubing
with vacuum assistance.

After the fiber-filled capillary tubes were

pulled, they would fill rapidly (in 10 minutes) with 3M KC1 or 3M Kcitrate when these solutions were injected into the tubing with a
2 inch 25 gage hypodermic needle (Becton-Dickinson reorder no. 1028).
Acceptable electrodes had resistances between 12 and 30 megohms.
(3)

Theta-tubing.

Theta-tubing (capillary tubing with a single

glass partition dividing the cross-section into semicircles) was
recommended to ne by Dr. James Prichard.

It is made commercially

by R & D Optical Systems, P.O. Box 198, Spencerville, Md. 20868.
When theta capillary tubing (OD about 1. mm) is pulled, one can fill
them extremely rapidly (less than a minute) simply by injecting the
appropriate electrolyte into each of the two barrels of the tubing
with a fine (30 gage or smaller) hypodermic needle.

Acceptable

electrode resistances were between 12 and 30 megohms.
My experience has shown that the boiling technique gives the
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least reliable results.

The electrodes often did not fill, and when

they did, they often showed considerable voltage drift during an
experiment.

Most of my experiments were done with fiber-filled

electrodes for two reasons.

First, they filled rapidly, thus allowing

me to make new microelectrodes during the course of an experiment.
Secondly, their tip resistances appeared to be relatively stable over
the course of an experiment that might last several hours.
The main problem with these electrodes was the relatively large
variation in tip resistances from electrode to electrode.
variation seemed to depend on three factors:

Such

the number of fibers

inside the capillary tube, the fluctuation in line voltage to the
puller and the variation in the glass tubing diameter and wall
thickness.

While the theta-tubing electrodes have only been used

in several experiments, they show great promise for one major reason:
They always seemed to fill without any air bubbles in their tips.
For that reason, a high resistance electrode could be reliably ground
to any desired tip resistance.

While I have done very little grinding

of the various electrodes, the theta-tubing electrode seems to be the
best candidate for further work along these lines.
Voltage Clamping. Experiments were done with either two microelectrodes
(Deck & Trautwein, 1963; Deck, Kern & Trautwein, 1964) or with three
microelectrodes (Adrian, Chandler, & Hodgkin, 1970; Kass & Tsien, 1975a).
The third microelectrode was used either as a simple monitor of the spatial
uniformity of the fiber or, in some experiments, to measure membrane current.
Whether two or three electrodes were used, the electrode that was placed in the
center of the Purkinje fiber preparation (2 mm or less in length) was filled
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with K-citrate and was used to pass current.

If only two microelectrodes

were used, the second microelectrode was filled with potassium chloride
and placed about half way between the current-passing microelectrode
and the cut end of the fiber.
voltage.

This microelectrode was used to monitor

All of the current was collected through a reversible silver/

silver chloride electrode placed directly in the bath and connected to
an operational amplifier that held the bath at virtual ground.

In

several experiments performed while chloride was replaced by methylsulfate or isethionate, the silver/silver chloride electrode was
connected to the bath through an agar/3M KC1 bridge.
The voltage electrode provided a signal to an operational amplifier.
This voltage signal was compared to the command voltage signal and
the output of the operational amplifier was such that it would pass
current through the current-passing electrode so that the voltage
signal would approach the command signal.

A safety device was

connected to the output of the operational amplifier (see Tsien 1974a)
in such a way that the clamp circuit was opened if too much voltage
was applied for too long a period of time across the current-passing
electrode.

Temperature Control. Two methods were used to maintain a constant
temperature (see figures 2.1 and 2.2).

The first set-up depended

on circulating warm water to first pre-heat inflowing solutions and
secondly to maintain the bath temperature at a constant temperature.
A calibrated thermistor was used to monitor the temperature in the
bath and manual adjustment of the flow rate of the circulating water
or of the water reservoir temperature would alter bath temperature.
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The second set-up (see Brown, 1973) mads use of a Peltier device (Cambion,
445 Concord Ave., Cambridge, Mass.) to warm the bath and a plate which pre
warmed inflowing solutions.

A thermistor was used to monitor the

temperature of this plate which was connected to the bath-side of
the Peltier device.

This thermistor was used with an appropriate

feed-back circuit to clamp the temperature of the device at a pre
determined level.

Controls were built into the electronics that enabled

me to alter the "clamped" temperature quite readily.

The temperature

of the bath was monitored by a second thermistor in a manner identical
to that used in the first set-up.

Large changes in solution flow rate

would, of course, alter the steady-state temperature of the bathing
solution at any given control setting.
All thermistors (number GA51P12) were encased in a glass bead
about 1 mm in diameter and about .5 mm long (Fenwal Electronics,
Framingham Mass).

At 25°C their resistances were about 98 KfJ.

Manipulators. In two microelectrode experiments, each microelectrode
was moved, and held in position by a Zeiss (Jena) Micromanipulator
(International Micro Optics, Inc., 5 Daniel Road, N.J. 07006).

In the

three microelectrode experiments a Prior/England manipulator was
employed for the third microelectrode only.

Instrument noise. In order to reduce capacitatlve coupling between
the current passing microelectrode and the voltage sensing microelectrode,
a metal shield was interposed between them.

60 cycle noise was reduced

by eliminating suspected ground loops and (in the second set-up only)
encasing the set-up in a grounded metal screen cage.
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Illumination.

The experimental chamber was made of lucite In both

cases and was viewed with the aid of a Wild dissecting microscope
(Heerbrugg, Switzerland).

The Purkinje fibers were measured with

a calibrated reticule in the eyepiece of the dissecting microscope.
A fiber-optic system was used to illuminate the preparation (American
Optical Type K150 or a Fiber-lite model #150, Dolan-Jenner Industries,
Inc.)

Records. A four channel Brush 440 chart recorder was used continuously
during an experiment.

Selected film records were made using a Grass

Kymograph Camera model C4P or a Nihon Kohden camera model PC-1B.
The film records were made from a Tektronics R5031 dual-beam storage
oscilloscope.

On a few occasions records were made by a Polaroid

back used with a Tektronics RM565 dual beam oscilloscope with
a Tektronics model 125 interface mount.

Kodak high contrast copy

film or Kodak 2495 RAR film was used to make the film records.

Methods in Purkinje Fiber Electrophysiology
The Purkinje fiber used in these and most other experiments are
chosen because of their favorable electrical properties.

The fibers

used are "free-running", that is they are joined to cardiac tissue
at either end of the strand.

They thus bridge

two ridges of myocardium.

These free-running strands contain an outer layer of connective tissue
and a core of cells with low intercellular resistance to the movement
of electrical current (Weidmann, 1952) which is presumably carried by
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potassium (see Weidmann, 1966).

Because of this low intercellular

resistance, it is possible, as a first approximation, to consider the strand
of Purkinje fiber as an electrical cable with a characteristic direct
current length constant of 1.9 mm (Weidmann, 1952).

Similarly other
2

properties of a simple cable are found including capacitance (C ■ 12 yF/cm ),
2

internal resistivity (R. » 105 ft cm) and membrane resistance (R *= 2000 ftcm ).
1
m
Complicating the notion that the Purkinje fiber is a simple core conductor
is the geometry of the electrical and anatomical connection which gives
rise to the small intercellular clefts (Mobley & Page, 1972) and the
resulting frequency-dependent capacitance (Fozzard, 1966) and sites for
possible accumulation of ions.

Voltage clamp. Under appropriate conditions (see introduction) the
isolated cardiac Purkinje fiber can generate action potentials spontaneously.
Many experiments monitor spontaneous or stimulated action potentials in an
attempt to understand the mechanisms that govern the Purkinje fiber
activity.

Observing such electrical activity has the advantage that

it allows all of the potential-dependent and time-dependent activity to
interact, thus better duplicating the actual in vivo situation.
Unfortunately the interaction also makes it particularly difficult
to characterize the contributions of individual current components,
since each can vary with potential and with time.

Since it appears

that these components are, in fact, crucially dependent on membrane
potential, applying a voltage clamp mechanism permits quantitative
analysis and allows the separation of current components that are
activated over different potential ranges.

1
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Current components;

(a) Reversal Potential Experiments. The reversal

potential for a given time-dependent current component is defined
operationally as the potential at which the "concentration gradient"
£
|
t
|
I
|
I
£
jv
js

for the ions carrying the current component is just balanced by the
imposed electrical gradient, and is represented by the term, Erev*
In practice the concentration gradient can be changed by altering
the external ionic milieu.

Alternatively the potential gradient

'.c

is

f

across the membrane can be changed with the aid of the voltage clamp,

f

Clearly, if the current component is carried by a single ion, then

|

the reversal potential, E
for that ion,

, would be determined by the Nemst potential

If the current component were carried by several ions,

then the reversal potential would depend on the Nernst potential for the
various ions that carried the current and their relative permeabilities.
Experimentally, a voltage clamp pulse is initially applied in order to
activate the current component under study.

Following that activating

voltage clamp pulse, the potential is stepped to various levels near the
expected reversal potential.

The reversal potential is defined as that

potential at which the current component is not present and at which the
time-dependent current component changes polarity.

For any current

component, then,
I = g (V-E
)Ay
6
rev 3
Where I is the total measured current component
g

is the maximal conductance controlled by hypothetical "y-gates"

E
rev is the reversal potential for the current component
A y is the time dependent change in the Hodgkin-Huxley variable
associated with the current component.
(b)

Analysis of current tails. Analysis of time-dependent current

components by measuring tail currents has been useful in understanding
i
1
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the ionic basis of the cardiac action potential (see e.g. Noble & Tsien,
1968).

For a given current component, a fixed holding potential,

is chosen.

Using a two microelectrode voltage clamp for Purkinje fibers,

the membrane potential is then stepped from the holding potential to various
test potentials,

. In general, a slow current onset will be seen

during the pulse to the test potential, and then a tail will be recorded
on returning to the holding potential.

The magnitude of the current

onset on stepping to the test potential will be called i^ and the tail
current measured on returning to the holding potential will be given by
ig.

Thus for i^

one has:

(Vtest -

iB " M

V

Vhol<P <Vhold ' V

- s»<Vhold»

<6” <Vhold'1 " s» <Vtent))

where g (V._
) is the maximal conductance that the channels involved
fts' test
can have at the potential ^te

.

^Vtest-EK^ *8 t*ie driving force for this current component at
potential vtest*
soo(Vtest)

fraction of the £ gates that are open at the
potential V

8

in the steady state.

(s (V
} - s (V, ,,)) is the fraction of s gates that change
00 test
00 hold
— 6
°
states on changing the potential from

to V

s •

Using the above method one can characterize a time dependent component
by examining how the tail currents at the holding potential varied as
a function of test potential.

For this kind of analysis, one would

only be interested in ig as a function of vte8t« This has the advantage
that the driving force (V, , ,-E„) and the maximal conductance
lio x a

a.

1
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(gg(V^Q^))

are both held constant.

Thus, the only determinant of

ig is the steady state value of s^ at the test potential.

Plotting ig

as a function of test potential and normalizing the curve so that
the maximum has a value of one and the minimum is set equal to zero
yields 8^ as a function of
"activation curve."

, or what is called a steady-state

An activation curve for a given current component

is thus a description of the voltage dependence of the ’gates’ of
that time-dependent component.
The current onsets and tails can also be used to characterize the
rectifier properties of the channel responsible for the given timedependent current component.

If we were to suppose that the conductance

of the channel were not a function of potential, then, the ratio of
i^/ig would yield a straight line going through
above).

(for the example

For i^ , however, this rectifier ratio, i^/ig, is nonlinear (Noble &

Tsien, 1968), indicating that gs is not constant.
Current tails also contain information about the rate at which
the time dependent current components change their activation.

In the

absence of other interfering time dependent current components, the
time constant for the decay of the current tail is equal to the time
constant for the change in the activation of the current component
and is symbolized for iv
2

by r (V).
s

Given the steady state activation parameter, sm (V), and the decay
time constants, r (V), one can make an equivalent statement of the
8

experimental information in terms of rate coefficients, a8 and 8S
(Hodgkin & Huxley, 1952) where
s
a
and 8
s
8
s

1 - s

L
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a
8

and 0

lend themselves to physical interpretation,

S

a

could

B

correspond to the rate of opening of closed channels and 00 would be the
rate of closing of open channels.
Analysis of current onsets and tails thus yields considerable
information.

From such analysis, one can obtain information about the

potential dependence of the gating of a current component, the
potential dependence of the decay time constant for that current component.
One can also get information about the rectifier properties of the
channel involved.

Choice of Cardiotonic Steroids

Moe & Mendez (1951) directly compared the effects of
K-strophanthoside (the precursor glycoside form of the aglycone
strophanthidin), Lanatoside C (the precursor glycoside of digoxln)
ouabain and dlgltoxin on ventricular excitability and conduction
velocity in dogs under chloralose anesthesia.

While different doses

of the various drugs were required to cause a given effect, when these
doses were normalized to fraction of a lethal dose, no significant
differences were observed.

Referring to table 2.1., Moe & Farah (1970)

state that "...so far as is now known, all the aglycones mentioned above
produce the same basic type of cardiac effect."

The equivalence of cardiac

effect found by Moe & Mendez and described by Moe and Farah is important,
for it allows the results obtained in this thesis with the cardiotonic
steroid, strophanthidin, to be extrapolated to other cardiotonic steroids.
The compounds used clinically have different properties.

They vary

in their biologic half-life, the speed of onset of effect, their reversibility
of action, their mode of degradation; their cardiac effects, however, are

L
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essentially the same.

I chose to use the cardiotonic steroid strophanthidin

because of its rapid onset of action and its ready reversibility.
Measurement of the TI magnitude
Transient inward currents (TIs) arise after the application of

\

cardiotonic steroids and following depolarizing voltage clamp pulses.

I

They are superimposed on other time-dependent current components, usually

i

i or i, . The magnitude of the TI current was determined by first
x
1^2
extrapolating the normal current component remnant back to the beginning
of the repolarizing potential step in order to obtain a "baseline" current.
The difference between the peak of the TI and the baseline current at the
time of the TI peak was the measured magnitude of the TI.
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Table 2.1. Classification of Cardiotonic Steroids
(from Moe & Farah, 1970)

PLANT
SOURCE

D. purpurea
(leaf)

PRECURSOR
GLYCOSIDE

Purpurea-glycoside A
(desacetyldigilanid A )
Purpurea-glycoside B
(desacetyldigilani.d B)

SPLIT OFF BY
ENZYMATIC
AND M ILD
ALKALINE HYDROLYSIS *

GLYCOSIDE

SPLIT OFF
BY ACID
HYDROLYSIS *

Glucose

Digitoxin

Digitoxose (3 )

Digiloxigenin

Glucose

Gitoxin

Digitoxose (3 )

Gitoxigenin

Gitalin

Digitoxose (2 )

Gilaligenin
(gitoxigenin
hydrate)

Digitoxin '

Digitoxose (3 )

Digiloxigenin

Gitoxin

Digitoxose (3 )

Gitoxigenin

Digoxin

Digitoxose (3 )

Digoxigenin

K-strophnnthin-/H (strophanthin)
Cymarin
Cymarin
Cymarol

Glucose +
cymarose

Strophanthidin

Cymarose
Cymarose
Cymarose

Strophanthidin
Strophanthidin
Strophanthidol

Ouabain
(G-strophanthin)

Rhamnose

Ouabagenin
(G-strophanthidin)

Proscillaridin
A

Rhamnose

Scillaridin A

b

0
Q

D . lanaia
(leaf)

s

S. Kom bi
(seed)

AGLYCONE, OR
GENIN

Lanatoside A
(digilanid A )
Lanatoside B
(digilanid B )
Lanatoside C
(digilanid C;
cedilanid)

Glucose
acetic
Glucose
acetic
Glucose
acetic

+
acid
+
acid
+
acid

K-strophanlhoside

Glucose

K-strophanthoside
K-strophanthin-0

Glucose ( 2 )
Glucose

£
0

sen. la

( s q u ill)

6

5. gratus
(seed)
U rg in e a
m a ritim e

or
indica
(bulb)

Scillaren A

Glucose

. ' One mole o f »ug»r or icetic add U ip lit off, unleu the number of moles Is otherwise Indicated In parentheses.

CHj
CH;

OH
HO
Digiloxigenin

CHj

Scitloridin A
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Chapter 3
KINETICS OF THE TI
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RESULTS

Influence of Strophanthidin on Current Chances
over the Pacemaker Range of Potentials

The effect of strophanthidin on electrical activity is illustrated
in figure 3.1.

The upper trace in each panel shows a train of ten action

potentials, evoked by external stimuli at 0.5 Hz.

Exposure to

strophanthidin (B) produced a less negative maximum diastolic potential
(MDP) and also enhanced the diastolic depolarization.

The enhancement

of the diastolic depolarization has been observed previously in
studies using other cardiotonic steroids (Gandel, et al., 1970;
Davis, 1973; Rosen et al. 1973; Ferrier et al., 1973).

The earlier

experiments demonstrated that the pacemaker depolarization under the
influence of the cardiotonic drugs may be distinguished from the normal
pacemaker by its striking dependence on the preceding pattern of
activity.

In the present case, this beat-dependence was manifested

as a progressive steepening of the diastolic depolarization with
repetitive stimulation (figure 3.IB).
The right side of figure 3.1 shows the effect of strophanthidin
on time-dependent current over the pacemaker range of potentials.
In each run, voltage clamp control was imposed at the point of maximum
repolarization of the last action potential in the train (cf. Vassalle,
1966).

Clamping the membrane potential at the level of the MDP resulted

in slow changes in membrane current (lower trace in each panel), revealing

R eproduced w ith perm ission o f the copyright owner. F urth er reproduction prohibited w itho ut perm ission.

44

mV
CONTROL

-8 3

-

-100
1°

TTTTTTTT

IO '8A

1-2

STROPH

I>iM
27

min

-7 8

-i

TTTTTttt

-2

-8 3

RECOVERY

Figure 3.1. Effect of 1 yM strophanthidin on electrical activity and membrane
current over the pacemaker range of potentials. Each panel shows chart record
ings of membrane potential (above) and total membrane current (below). A
train of action potentials was stimulated by external shocks at .5 Hz after a
rest period of 25 seconds. Voltage clamp control was imposed following the
tenth action potential at the point of maximum repolarization. Depolarizing
voltage pulses lasting about 1 second were applied in the strophanthidin
run and later in the recovery run and show respectively the occurrence of
the TI phenomenon, and its disappearance after removal of the drug. The
increase in current "noise" seen in the strophanthidin run is also reversible.
Preparation 127-2, 35°C, CaQ “ 5.4 mM, total capacitance ■ 0.063 yF.
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the processes which generate the diastolic depolarization.

In the

absence of strophanthidin, the current developed slowly and smoothly
toward a steady Inward level.

The time-dependence reflects the shutting-

off of an outward potassium current, i„

(Vassalle, 1966; Noble & Tsien,

2

1968), which underlies the gradual diastolic depolarization in A and £.

Transient inward current.

Exposure to strophanthidin altered the membrane

current in a number of respects, (figure 3.1 B). The most obvious effect
was the development of an inward bump on the current record.

The inward

transient appeared not long after the clamp had been imposed, and it
seemed to be superimposed on a progressive development of net inward
current, qualitatively similar to that seen in A.

The inward transient

was also found in the wake of a depolarizing voltage pulse.
depolarizing clamp pulse was applied in C,

A similar

after removal of the drug,

but did not produce any noticeable inward current transient.
The results in figure 3.1 suggest that the enhancement of the
diastolic depolarization in strophanthidin might be accounted for by
the development of the transient current.

This question is examined

more closely in figure 3.2, which compares the time course of the inward
transient with the changes in membrane potential which took place when
the voltage clamp was not imposed.
peak of the inward transient.

The thin vertical line marks the

It is apparent that the timing of the

peak corresponds rather well with the steepest portion of the first
transient depolarization following the action potential train.

The

voltage trace also shows further oscillations in membrane potential
but these were not synchronous with any overt change in the membrane
current under voltage clamp.

[
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mV

nA
-10

5s

Figure 3.2. The TD and the TI: a comparison of timing and
magnitude.The
two superimposed records are from the same experiment shown in figure 3.1.
The upper panel shows the two records of membrane potential, while the lower
panel shows the two corresponding current records. After the tenth action
potential of the first run, external stimulation was discontinued and voltage
clamp control was not imposed, allowing the development of transient
depolarizations. Following the tenth action potential in the next series,
the membrane potential was clamped atthe maximum diastolic potential.
The
vertical bar runs through the peak ofthe TI and shows its relationship to
the TD. The magnitude of the TI is 10 nA and the maximum rate of rise of
the TD is .06 V/second.

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

47

Another question is whether the transient current is sufficiently
large to account for the enhanced diastolic depolarization.

Under

conditions of spatial uniformity, the net ionic current (i^) and the
rate of depolarization (^) should be related by the equation

(1)
The capacitance cm may be taken as the total preparation capacitance
since the voltage changes are slow enough to be felt by cleft membranes
as well as the surface membrane (Fozzard, 1966; Mobley & Page, 1972).
To introduce experimentally measured values, it is necessary to give
an approximate version of equation (1), namely

(2 )

ipeak
./cm = Vm
iax

Some degree of approximation must enter in because the amplitude of the
inward transient (ipea^) gives the ionic current at the maximum diastolic
potential (-79 mV in this case) while the maximum rate of depolarization
occurs at a less negative potential (near -65 mV).
In the present experiment, the measured values were
i

, = 10 ® A, and V
= .06 V/sec.
H
f lX
max

pcaK

■ .063 yF,

Since (10 ^A)/(.063 yF)

“ 0.16 V/sec, the equation (2) does hold approximately.

At least

part of the discrepancy could arise from the resting membrane conductance,
if it gave outward current at -65 mV, partially offsetting the inward
transient.

It seems reasonable to conclude, therefore, that the

transient inward current is appropriate in magnitude, as well as timing,
to generate the strophanthidin-induced increase in diastolic depolarization.

Other effects of strophanthidin? The results presented up to
this point support the view that strophanthidin enhances pacemaker

- L .
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activity by producing changes in ionic current which are qualitatively
different from those underlying normal activity (cf. Ferrier & Moe, 1973).
This leaves open the question of whether the normally functional ionic
components were altered as well.

Although the voltage clamp records in figure

3.1 were taken at different potentials, they might be taken as evidence that
the slow decay of the pacemaker potassium current had been diminished by
strophanthidin.

This would be consistent with an earlier paper (Aronson

et al., 1973) which reported that ouabain reduced the magnitude of

In considering the possibility of other strophanthidin effects, it
is Important to eliminate the influence of membrane potential per se
on membrane currents.

Figure 3.3 compares current traces recorded at

the same potential level (-79 mV), in the absence of strophanthidin (a)
and during the course of the drug exposure (b-d). Each of the current
records was obtained by imposing the voltage clamp after a train of
ten action potentials, as in figure 3.1.

The top part of figure 3.3

shows the eighth, ninth and tenth action potentials in the trains which
preceded the current records a-d.

The progressive action of the aglycone

is apparent in either set of traces.

In particular, the voltage recordings

show that continual exposure to the drug produces a less negative maximum
diastolic potential and also markedly augments the pacemaker depolarization.
The current records in figure 3.3 indicate that strophanthidin produced
a number of effects which occured in stages during the drug exposure.
The effects may be seen most clearly by comparing traces b-d with the
smooth curves, which are tracings of the control record (a). Trace b
shows the first obvious action, a downward displacement in the current
record, with little alteration in the time-dependence of the slow current
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Figure 3.3. Progressive effect of strophanthidin on electrical activity
and on membrane current. The top'four panels show the last three action
potentials in a series of ten from the same experiment shown in figure 3.1.
The bottom four current records correspond with the action potential records
as indicated by the appropriate letters. The action potentials show the
usual change in duration and plateau height with progressive intoxication.
The control record (A) was taken after the strophanthidin had been washed
off. There is a marked Increase in the diastolic depolarization from (A)
to (C), and in (D), TDs are produced following each action potential.
Following the last action pctential in a series, the membrane potential was
clamped to -79 mV thus permitting the comparison of the various current
records. The control current record from (a) has been drawn as a fine
line superimposed on the current records of the strophanthidin runs. Three
clear effects can be seen developing from (a) to (d): (1) reduction in
outward current (2) growth of the TI and (3) increase in current "noise".
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decay.

The change in time-independent background current is consistent

with the early effect of dihydro-ouabain, which Isenberg & Trautwein
(197A) have attributed to a reduction in outward current carried by the
electrogenic Na pump.

Further downward displacement of the current trace

took place as the exposure to strophanthidin was continued (c,d).

This

may reflect an Increasing degree of inhibition of the pump, as Isenberg &
Trautwein suggest.

It may also reflect alterations in the driving force

or conductance of passive ionic currents (see Cohen, Daut & Noble, 1975).
Trace c gives the first clear indication of the inward transient
phenomenon in these records.

In this case, the inward transient

appears as a discrete bump, superimposed upon the usual slow time-dependent
change.

If the inward transient is set aside, the remaining current record

does not indicate any change in the magnitude or time course of the i„
2

decay.

The absence of such a change was accompanied by a clear increase

in the diastolic depolarization in voltage record c.

Thus, the present

results differ with the interpretation of Aronson et al. (1973) who
attributed the acceleratory effect to a diminution of i

.
2
A possible explanation of the discrepancy is suggested by current

trace d.

Here, the toxic effect of strophanthidin has developed to the

point where it is no longer clear whether or not iv

has been altered.

2

The current record d might be interpreted as a reduction in the i
2

decay tail (cf. Aronson et al., 1973).

Alternatively, it is possible

that the i„ decay has simply been obscured by a rather large inward
2
transient current. The choice between these possibilities requires
further evidence which will be considered below.
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Measurement of the transient inward current using the

3

three-microelectrode method

An important question at this stage is the adequacy of the two-microelectrode voltage clamp method in measuring the transient inward current.
Voltage nonuniformity may be a serious problem in studying large membrane
currents (Johnson & Lieberman, 1971).
I have approached this question by carrying out experiments using
the three-microelectrode voltage clamp technique developed by Adrian,
Chandler & Hodgkin (1970).

A shortened Purkinje fibre was impaled

at two points by voltage recording microelectrodes,
inset, figure 3.4).

and

(see

The difference, V2~^l’ is recor<*ed at high gain,

and provides a direct indication of the voltage non-uniformity along the
length of the preparation.

It also serves as a measure of membrane

current density at V^, the point of voltage control.

Cable theory

for both linear and nonlinear membrane characteristics shows that
O^-V^) is a remarkable good reflection of the membrane current, and
is less susceptible to error than the total applied current (1^,).
Agreement between these two measures of membrane current density
gives a useful indication of their validity (Kass & Tsien, 1975a).
Figure 3.4 shows simultaneous recordings of (V2_V1^ an(* IT
in a preparation that had been exposed to 2 yM strophanthidin.

The

upper trace shows the voltage signal at the point of voltage control,
V^.

A 4 second depolarizing pulse to -10 mVwas imposed from a holding

potential of -50 mV.

The middle trace is the (V2-Vi) signal and the
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Figure 3.A. Measurement of longitudinal voltage decrement during the XI.
As the inset indicates, a Purkinje fiber preparation was impaled by
three microelectrodes, labelled V^, V. and IT (from left to right). The
potential
(upper trace) was controlled by the clamp feedback circuit,
which applied current I_ (bottom trace). The voltage difference between
V2 and
(middle trace; is small, indicating that longitudinal voltage
nonuniformity is not very serious. However, the (V2-V^) trace does
exhibit the waveform of the TI. Overall preparation length, 2.14 mm.
Distance from end of preparation to V., 0.36 mm; from
to V-, 0.50 mm;
from V2 to IT, 0.21 mm, 2 yM strophanthidin, preparation 150-1, apparent
cylindrical area of cell core, .0096 cm .
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lower trace is 1^.

Both records show

a clear transient inward current

following the depolarizing pulse and the time

course of the TI appears

very similar.
The conditions of this experiment were deliberately arranged to
produce a very large TI, and therefore, the worst case for voltage
nonuniformity.

The preparation length was 2.1 mm, longer than that

used in all other experiments.
was also unusually large.

The magnitude of the TI (about 100 nA)

Nevertheless, the variation in O^-V^) remains

less than 5% of the variation in V^.
repolarizing voltage clamp step where
changes by 40 mV.

This is best seen at the time of the
changes by about2 mV while

The conclusion is that the voltage nonuniformity

along the fiber length is large enough to allow

to clearly

indicate the transient inward current, but not so great as to
invalidate the results using I,j,.

Kinetics of the strophanthidin-induced transient inward current
The evidence presented so far indicates that strophanthidin enhances
pacemaker activity principally by inducing a transient inward current (TI).
It seemed worthwhile, therefore, to explore the kinetic requirements for
evoking the TI phenomenon.

I carried out voltage clamp experiments to

characterize the relationship between TI and the preceding history of
membrane potential, to answer a number of basic questions:
(1)

How does the TI vary with the strength and duration of the preceding

depolarization?

How do the kinetics compare with the kinetics of

known current components?
(2)

Does the TI require action potentials, or, for example, the flow of

the excitatory current which accompanies action potentials?
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(3)

Do the kinetic properties of the TI account for previous observations

(Davis, 1973; Ferrier et al., 1973; figure 3.1) showing the importance
of the preceding pattern of activity in eliciting transient depolarizations?
The kinetics of the TI were studied by applying a series of
rectangular clamp pulses of varying duration and magnitude.

Successive

pulses were separated by relatively long intervals (>10 sec) to ensure
that each TI would only be influenced by the immediately preceding clamp
pulse, but not earlier pulses.
(figure 3.11).

This point will be substantiated later

The use of clamp pulses is somewhat analogous to the

procedure of stimulating action potential trains, separated by long
rest intervals.
Clamp pulses were applied from a fixed holding potential.

In some

runs, as in figure 3.1, I employed a relatively negative holding potential
(-80 to -60 mV) which keeps the voltage clamp experiment close to the
conditions during the action potential studies.

The disadvantage of

negative holding potentials is that clamp pulses are invariably followed
by the decay of the pacemaker potassium current, i„ , as well as the
2
TI. This combination of current changes makes it more difficult to
perform quantitative analysis.

It was convenient, therefore, to carry

out some of the kinetic studies with a less negative holding potential,
outside the normal diastolic range.
current was avoided, since i

Interference from the pacemaker K

remains fully activated at potentials
2

positive to about -50 mV (Noble & Tsien, 1968).
Figure 3.5 shows records from an experiment where the kinetics were
studied from a holding potential of -Al mV.

The left hand column

illustrates current traces for 1 second clamp pulses to several potential

I
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Figure 3.5. Effects of depolarizing voltage pulse duration and magnitude
on TI size. From a holding potential of -41 mV depolarizing voltage
clamp pulses were imposed for either 1 second (left) or 5 seconds (right).
The range of depolarization ranged from -24 to + 2 mV as is indicated on
the left hand side of the figure. The size of the resulting TIs were
measured and plotted in figure 3.6 along with information from voltage
pulses of different durations. Note the variation in scale in the different
current records (vertical bar gives 20 nA). 1 yM strophanthidin.
Preparation 148-1.
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levels within the plateau range.

These pulses were too brief to be

very effective in eliciting TI's, although some inward transient can
be clearly seen for the strongest pulse shown.

The right hand column

shows the effect of longer-lasting voltage pulses (5 sec).

Here a

clear TI is observed for even the weakest clamp depolarization.
Increasing the strength of the depolarization from -24 mV to +2 mV
enhanced the TI enormously (changes in amplification were needed to keep
the current records from going offscale). The increases in the magnitude
of the TI are accompanied by a somewhat shorter delay in attaining
the inward peak, decreasing from 1.4 sec to 0.7 sec (see also Fig. 6.11).

The current records in figure 3.5 show an inward surge of current
during the clamp depolarization itself.

The inward surge has the

characteristic time course of the secondary (or "slow") inward current
(Reuter, 1967; Vitek & Trautwein, 1971).

Other current components

were largely eliminated by the use of the relatively depolarized
holding potential.

The fast excitatory sodium current does not appear

because it is inactivated (Weidmann, 1955), and the transient
outward current carried by chloride ions (Dudel, Peper, Rddel, &
Trautwein, 1967) is also largely inactivated (Fozzard & Hiraoka, 1973,
figure 10).

Thus, with regard to the second question above, it is

evident that the TI can be evoked without the benefit of at least
some of the currents which flow during the normal action potential.
This leaves open the question of whether i.T or i
r
n
Na
^

,
.
have effects over

a longer period, possibly to the development of the toxic state.
Analysis of this experiment was performed by measuring TI

I
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amplitude relative to the current baseline (see figure 3.5, upper right
panel).

Figure 3.6 shows these measurements, and others from the

same experiment.

The amplitude of the TI is plotted (ordinate) as a

function of the duration of the preceding clamp pulse (abscissa).
Each curve shows the development of the TI at a particular potential
within the plateau range.

The Increase in TI amplitude follows a

sigmoid time course in all cases.

Increasing the level of the

depolarization speeds the growth of the TI, and increases the
maximum amplitude that is reached.
The family of curves in figure 3.6 was obtained over a period of
22 minutes, and it is fair to ask whether the results were significantly
affected by a progressive increase in the degree of toxicity.

This

point was checked by bracketing the other runs with two runs at +2 mV
(bottom).

Some increase in TI amplitude is evident, but the time course

of development is hardly changed.
The sigmoid onset of the TI was a consistent finding in all of the
kinetic experiments, although there were quantitative variations in the
amount of delay which may have been due to differences in temperature
or the degree of toxicity (see below). The sigmoid time course is
noteworthy, because it would seem to distinguish the TI from other
slowly time-dependent processes in Purkinje fibres, which develop
exponentially in time (Noble & Tsien, 1968, 1969).

The first

question, of course, is whether the sigmoid onset is genuine.
Interference from other time-dependent current components must be
considered, since this has been misleading in the past (McAllister &
Noble, 1966; Noble & Tsien, 1968).
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Figure 3.6. Top. Graph of TI magnitude as a function of voltage clamp
pulse length for five different depolarizing potentials. The inset schematically
reveals the method of analysis. From a holding potential of -41 mV, the
membrane was depolarized to a potential between -32 mV and + 2 mV for periods
up to 20 seconds. The resulting TIs were measured and plotted as a function
of pulse duration. Sample records are shown in figure 3.5. The five runs
were carried out over a period of 22 minutes.
Figure 3.6. Bottom.
toxicity during this
run, preceding those
obtained in the last
perfect, progressive
Preparation 148-1.

Bracketing runs which define the extent of ongoing
experiment. Square symbols show data from an earlier
illustrated in the top panel. Circles show results
run of the series. Although the agreement is not
intoxication is not a serious problem. 1 yM strophanthidin.
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In the present case, interference from other current components was
reduced by avoiding potentials where iv

is dominant.

A small ’tail'

2

of outward current was present, however, due to the decay of ix (figure 3.5,
lower left). Since the measurement were made relative to the current
baseline, the presence of some outward ix would be expected to cause
a corresponding underestimate of the TI.

Fortunately, the magnitude

of the error is probably quite small— on the order of a few nA.

Some

distortion of the kinetic curve may have occurred in figure 3.6, but
not enough to account for the marked sigmoidicity observed.

Effect of temperature. Further evidence on the delayed onset is provided
by considering the kinetics at lower temperatures.

Figure 3.7 shows

current records from another preparation, obtained at two temperatures.
At 37.5° C, the results were qualitatively similar to those illustrated
in figures 3.5 & 3.6.

Some TI appeared after a 1 second pulse, and

the TI amplitude increased if the pulse was prolonged.

There was a slow

increase in net outward current during the pulse due to the onset of ix
(Noble & Tsien, 1969), once again raising the possibility that the decay of
i may have given an outward tail current which in turn caused an
underestimate of the TI amplitude.
This difficulty can be avoided in analyzing the results at 26°C.
Here, the time-dependent currents during the clamp pulse are largely
suppressed.

No slow increase in ix appeared during the 20 second clamp

pulse, and no hint of an outward decay tail could be detected after any
of the clamp pulses.

1

Under these more favorable circumstances, the
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delayed appearance of the TI is clear and unambiguous.

There is no

TI following a 5 second pulse, and a clear TI after the 20 second
pulse.
Analysis from this experiment is illustrated in figure 3.8.

Results

are included from a run at 31.5°C (also illustrated in figure 3.7)
to show the graded effect of temperature.

Cooling markedly delays the

appearance of the TI, and reduces the maximal amplitude for a very
long clamp depolarization.
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Figure 3.7. Effect of temperature on TI magnitude. The top, middle
and bottom panels show current records for temperatures of 37.5, 31.5
and 26°C respectively. These records show both the current onsets and sub
sequent TIs for depolarizing pulses from a holding potential of -57 mV to
-22 mV for periods up to 20 seconds. The top panel shows the development
of large TIs superimposed on what may be a small decay of i . The
middle panel shows a modest development of TIs with longer pulses, while
the bottom panel shows the development of very small TIs with
very long pulses.
This data has been used to make figure 3.8. 0.5 pM
strophanthidin. Preparation J150-1.
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Figure 3.8. Graph of temperature-effeet on TI magnitude. The magnitude
of TIs following depolarizing voltage clamp pulses from a holding potential
of -57 mV to -22 mV were measured and plotted as a function of depolarizing
pulse length. See insert figure 3.6. The first run was at 37.5°C (open
circles); the second run at 26°C (open triangles); the third run at 31.5°C
(open squares); and the last run at 37.5 C (filled circles). 0.5 uM
strophanthidin. Preparation J150-1.
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Separating the TI from the Normal Pacemaker Mechanism

The kinetics of the TI are quite different from the time-dependent
process which normally underlies the diastolic depolarization.

In the

absence of strophanthidin, voltage clamp experiments have shown that
iv

activates and deactivates exponentially (Noble & Tsien, 1968).

At

2

36°C, i„

deactivates at -75 mV with a time constant (x ) of about

2-3 sec.

This slow time course may be contrasted with the rapid onset

k.
2

s

of activation:

At -20 mV, t

S

is only about 50 msec and x decreases
3

even further with stronger depolarizations.

(McAllister & Noble, 1966).

If this characteristic remained in the presence of strophanthidin, it
would provide a relatively straightforward means for separating the
contributions of the TI and ±v

to current changes over the diastolic range

2

of potentials.

It should be possible to choose a clamp pulse duration

that is long enough to fully activate i„ , but brief enough not to
2

activate any TI.

Obtaining a relatively pure record of iv

should then

2

allow the quantitative analysis of current records following longer
clamp pulses, where the TI and i„

decay overlap.
2

Varying pulse duration. Figure 3.9 illustrates this approach using
the same preparation as in figures 3.5 & 3.6.

In this part of the

experiment, current records were obtained with a holding potential of
-61 mV, which was sufficiently negative to cause some iv

deactivation

2

following a clamp pulse.
varying durations.

The membrane was depolarized to +6 mV for

A 500 msec clamp pulse (record a) is followed by an

exponentially decaying outward tail.

An even briefer clamp pulse

(300 msec) gave an outward tail of equal amplitude (arrow) thus
establishing that i,. was fully activated at the beginning of the
2

decay tail.

There is no trace of any TI in si, which is consistent

with the results in figure 3.6.
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Figure 3.9. Separation of TI from ij^* From a holding potential of -61 mV
depolarizing voltage clamp pulses were imposed up to 46 mV for varying
periods from .5 seconds to 5.0 seconds. The left-hand current record
reveals the deactivation of ij^ without any superimposed TI. The arrow
indicates the magnitude of the current tail for a .3 second voltage clamp
pulse. The .5 second Tl-free record is superimposed as a dashed line on
the current records following longer depolarizing pulses. The TI appears
to mask the decaying tail of ij^ as
grows larger. 1 pM strophanthidin.
Preparation 148-1.
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The TT did appear, however, following longer clamp pulses (records

b-«>).

Tliis may best be seen by comparing the actual current records

with the dashed trace, a replica of the decay in record a.

The difference

represents the putative contribution of the TI, and it is clear that
this contribution increased progressively as the voltage pulse was
prolonged.

Analysis of the TI amplitude for these and other records

gives a measure of the kinetics of onset.

The results agree qualitatively

with those results already presented (figure 3.6) in showing a markedly
sigmoid development with time.

The onset was more rapid for the TI's

shown in figure 3.9, but this was probably due to a progressive increase
in toxicity during the course of the exposure to strophanthidin, rather
than any systematic effect of holding potential per se.
Varying pulse level. Another way of distinguishing the TI from
the decay of i

relies upon their voltage dependence.

In the steady-

2

state, i

varies from fully deactivated to fully activated over the
2

potential range between -90 and -50 or -60 mV. (Noble & Tsien, 1968).
Depolarization beyond -50 mV produces no greater degree of activation.
On the other hand, the turning on of the TI phenomenon requires
depolarizations into the plateau range, that is, beyond -50 mV.

This

disparity suggests that comparison of current records following clamp
pulses of varying levels should allow the separation of the TI from
changes in ±v .
2

Figure 3.10 illustrates this approach in an experiment using long
clamp pulses from a holding potential of -75 mV.
-60 mV slowly activated i

The clamp pulse to

; the amplitude of the decaying tail upon
2

return to the holding potential reflects the degree of activation during
the preceding pulse.

Increasing the level of the clamp pulse (to -50 mV)

speeded the activation process, as reflected by the current change
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during the pulse.

The final degree of activation was no greater, however,

judging by the amplitude of the subsequent decay tail.
activation of i„

This shows that

had already reached saturation at -60 mV.

Now, an even

2

stronger depolarizing clamp pulse (to -30 mV) was followed by a current
trace with a small wiggle (arrow) that was seen repeatedly in this and other
experiments.

I interpret this current record as a small TI superimposed upon

the usual decay of i

. The TI could be analyzed by subtracting this current
2

record from one of the Tl-free current records.
The contrast in voltage dependence illustrated here was typical
of experiments using preparations exposed to strophanthidin.

As it

happens, the results in figure 3.10 were obtained in a Purkinje fiber
without the benefit of previous exposure to strophanthidin.

Figure 3.10

thus illustrates a separate point, that some TI can be evoked even in
the absence of cardiotonic agents.

Further exploration of the

specific conditions which favor the appearance of the TI phenomenon will
be taken up in chapter 4.
The results in both figure 3.9 and figure 3.10 emphasize that the TI
differs from the normal pacemaker mechanism in requiring a preceding
depolarization that is either very long or very strong.

This contrast

provides an explanation for the findings of Ferrier, Saunders & Mendez (1973),
showing that acetylstrophanthidin-induced transient depolarizations differed
from the normal pacemaker in their marked sensitivity to the preceding
pattern of action potentials.

It seems likely that trains of closely

spaced action potentials in their experiments and in my own (figure 3.1)
served the same purpose as prolonged depolarizing pulses in voltage
clamp experiments.

Further considerations of their observations will be

given in the Discussion.
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Figure 3.10. TI in the absence of strophanthidin. Occasionally TIs
can be seen in normal Tyrode solution following long and relatively
strong depolarizing voltage clamp pulses. While longer and more
negative depolarizations produce full activation of lK2 » they produce
no TI. The arrow points to a reproducible TI following a six second
depolarizing pulse to -31 mV. For this pulse, the current trace was
off-scale, but the dashed record was obtained from a simultaneous recording
on a second channel at lower amplification. The holding potential Is
-75 mV, CaQ ■ 1.8 mM. (Hauswlrth, Noble & Tsien, unpublished).
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Additive Effects of Successive Membrane Depolarizations
Previous studies have shown that two closely spaced action potentials
are much more effective than a single action potential in evoking a
subsequent after-depolarization.

This suggests that each action

potential leaves behind some after-effect, which subsides slowly enough
so that summation can occur.

In exploring such behavior, it is convenient

to use the voltage clamp method, since clamp pulses can be separated by
a variable interval that is clearly defined and easily controlled.

This

is not so straightforward using action potentials, since their shape
and duration changes as their proximity is varied.
Figure 3.11 illustrates a two-pulse experiment.
protocol is indicated in the inset.

The experimental

An interval jt separated two

identical clamp pulses to -22 mV, from a holding potential of -57 mV.
The amplitude of the TI which followed the second pulse was plotted as a
function of t.

The results show an increasing degree of summation as the

two pulses are brought closer together.

Expressed in a different way, the

influence of the first pulse decays monotonically with time.

Although

the precise form of the decay is questionable due to the scatter in
the measurements, it seemed reasonable to fit the data with a simple
exponential.

The time constant of the exponential, 0.75 seconds, will

be relevant to the Discussion, where we consider previous action potential
experiments.
The lower part of figure 3.11 shows the time course of the TI itself,
replotted from the experimental record shown in the inset.

There is no direct

parallel between the waveform of the TI and the decay curve, but both
phenomena occur over a comparable time scale:

during the TI, the inward
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Figure 3.11, top. Persistent effect of clamp depolarization on subsequent
TI. The upper panel shows two identical clamp pulses, separated by an
interval, t. On the right side t»l sec, and on the left side, t*0. The
magnitude of the TI following the second pulse is measured as indicated,
and grows larger as t is reduced. Bottom. Quantitative analysis of the
same experiment. The points plot'the magnitude of individual TIs as a
function of t. There is a progressive decay in the influence of the
first clamp pulse with increasing t. The time course can be roughly
approximated as a decaying exponential, time constant 0.75 sec (smooth
curve). The lower curve shows the time course of a TI following a
single 2 sec clamp pulse, replotted from an experimental record to allowQ
comparison with the time course of decay. Temperature, approximately 37 C.
.5 yM strophanthidin. Preparation J150-1.
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current peak is reached 0.65 sec. after the off of the first pulse.

This

value is not very different from 0.75 seconds, the decay time constant.
See Discussion in Chapter 6 .

Influence of Return Potential
The results up to this point have focussed on how the TI depends upon
the preceding history of membrane potential.
the

In each of the illustrations,

TI was recorded at a holding potential which was kept constant

throughout the experiment.

It is not necessary, of course, to restrict

the return potential to a fixed value.

Since the TI seems to be triggered

by a repolarizing step (see, e.g., figure 3.5) it is natural to ask if
the level of the return potential has any influence on the time course or
amplitude of the TI.
Figure 3.12 shows the effect of systematically varying the return
potential.

The upper part of the figure shows the voltage traces,

photographically superimposed.

The membrane was first depolarized to

-31 mV for 5 seconds in order to activate the TI, then repolarized to a
variable potential, V.

The corresponding current records are presented

in the lower part of the figure, and show the effect of V.

The amplitude

of the TI increased progressively as V was varied from -40 mV to -77 mV.
further variation in V, to -84 mV, produced a TI whose amplitude was
approximately equal to the one at -77 mV.

These changes in the amplitude

of the TI were accompanied by very little alteration in the time-to-peak
inward current.

Similar experiments in three other preparations showed

comparable results.

It was a general finding that the TI amplitude was
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Figure 3.12. Influence of return potential on the magnitude of TI. The
voltage clamp pulses are shown on the top panel, and the resulting current
records are shown in the panels below. The current record at a return
potential of -77 mV (also the holding potential) also includes the current
during the 5 sec depolarizing pulse to -31 mV. Stronger repolarizations
appear to produce larger TIs. 1 pM strophanthidin, preparation 117-1.
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most sensitive to return potentials over the range between -30 mV and -70 mV,
showing signs of saturation negative to -70 mV.

Further documentation will

be presented in Chapter 4 in connection with a hypothesis for the ionic basis of
the TI.
The effect of the return potential could be accounted for by either one
or both of the following explanations:
(1)

The return potential V is important since it determines the

driving force,» V-Erev for the ion or ions that carry
3 the TI.
(2)

The return potential governs the development of some process that

underlies the TI.
Both of these explanations are interesting because they suggest mechanisms
for the generation of the TI.
To investigate these possibilities, I carried out an additional
experiment, illustrated in figure 3.13, which is really a variation on
the previous procedure.

Once again, the approach is summarized by the

voltage pulse protocol (shown in the lower part of the figure). The membrane
was depolarized to -30 mV for 5 sec to activate the TI (only the last 500 msec
of the activating pulse was Included in the oscilloscope display). After this
first pulse, the membrane was repolarized to a variable return potential, V.
In this case, unlike the previous Figure, the return potential level was
maintained for only 200 msec, before stepping the membrane back to the
holding potential, -60 mV.

The idea of the protocol is to eliminate any

change in driving force during the TI itself, while retaining some
variation in the return potential prior to the inward transient.
The current records show that the level of V does influence the TI, even
though the TI peak occurs at least 300 msec after the ’off’ of the V pulse.
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Figure 3.13. Effect of a brief repolarizing pulse on the magnitude of
the subsequent TI. There are two superimposed oscilloscope records
showing current traces on top and voltage traces on the bottom. From a
holding potential of -60 mV, a depolarizing voltage clamp pulse to -30 mV
was applied for 5 seconds. Then a brief (200 msec) pulse to either -40 mV
or -80 mV was applied before returning to -60 mV. The brief pulse had a
marked Influence on the magnitude of the TI that developed at -60 mV.
1 yM strophanthidin. Preparation 139-2.
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Following a V of -80 mV, the TI is about twice as large as the TI
following the V of -40 mV.
after the V pulse.

[The larger inward peak also occurs sooner

This result differs from that in figure 3.12 but

is within the variation seen in experiments similar to figure 3.12 in other
preparations].
The experiment in figure 3.13 shows that variation in TI amplitude
can be produced without altering the hypothetical driving force during
the TI.

This by no means rules out the possibility of an effect of

driving force, but it indicates that changes in driving force are
probably not the sole explanation of the influence of return potential
in figure 3.12.

It appears likely that some other factor, along the

lines of explanation (2), can also affect the TI.
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DISCUSSION

This chapter has explored the means by which cardiotonic steroids
enhance pacemaker activity in isolated cardiac Purkinje fibers.

The

results indicate that the enhancement involves a novel mechanism, and
not merely a modification of the normal pacemaker process.

In my

experiments, exposure to strophanthidin induced a transient inward
current, or TI, that was virtually absent in untreated preparations.
The properties of the TI allow it to dominate the increased diastolic
depolarization, the "transient depolarization" or TD (Ferrier et al.,
1973) which follows after repetitively stimulated action potentials
(see also Gandel et al., 1970; Davis, 1973; Rosen et al., 1973).
The ionic basis of the TI will be treated in Chapter 4.

I will

present evidence supporting the hypothesis that the TI is due to a
transient influx of calcium ions (Ferrier & Moe, 1973), while arguing
against the involvement of other ions as important carriers of charge.
The kinetic results given in this paper are certainly relevant to the
nature of the ionic pathway, but discussion will be deferred until after
the presentation of the ion replacement experiments.

Here, I shall be

concerned with a simpler issue, the role of the TI in generating the
accelerated diastolic depolarization.

Distinction between the TI and the Normal Pacemaker Mechanism
Steepening of the slow diastolic depolarization depends upon
increasing the net inward ionic current flow over the pacemaker range
of potentials.

In principle, such a change could be brought about in

any of several ways, involving time-independent or time-dependent con
ductances.

Determining the mechanism may not be feasible from voltage

1
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recording alone, but it becomes easier with the use of the voltage
clamp.

Under voltage clamp, the TI may be distinguished by its time

course from the decay of iv , the mechanism which normally underlies the
2

pacemaker (Vassalle, 1966; Noble & Tsien, 1968).

The TI appears as a

phasic inward current surge, and in the range of potentials negative to
-60 mV, the surge is superimposed upon the same smooth and relatively
slow decay of i„ which occurs in the absence of the TI.

Thus, an

2

initial distinction between the TI and ±v

deactivation can be made on

2

kinetic grounds alone.
One objection to this distinction is the idea that the TI might
reflect a transient blockage of i

. If this were true, the TI and
2

the normal deactivation process might act jointly on the same ionic
channel.

The hypothesis is ruled out by experiments showing that the

polarity of the TI is not reversed when the membrane is hyperpolarized
beyond

(Chapter 4).

TI and i„

In any case, the important point here is that the

deactivation are quite different in their temporal behaviour.
2

Having defined the TI by its characteristic time course, it is then
possible to compare its properties with those of i„ . There are several
2

points of contrast which may be briefly mentioned.
Voltage dependence. The pacemaker potassium current is fully
activated in the steady-state at potentials more positive than -50 or
-60 mV.

By the same token, the deactivation of iv

is produced by

2

repolarization to levels negative to -50 or -60 mV.

The TI, on the

other hand, requires depolarizations to voltages within the plateau
range, usually beyond -40 mV (figure 3.6), although this may vary to
some extent with the degree of toxicity.

Like i„ deactivation, the TI
2
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is triggered by a repolarizing step.

However, the step may take the

membrane potential to any level within a very large range, and still
produce some inward transient (figures 3.12 &4.9).
Time dependence.

The TI and i

are each activated by
2

depolarizing voltage steps.

In both cases, the development of activation

may be hastened by increasing the strength of the depolarization, or
by elevating the temperature.
important differences.

Beyond this superficial similarity lie

Activation of

displays first order kinetics,
2

increasing exponentially in time, while the development of the TI proceeds
in a sigmoid manner as the duration of the preceding clamp pulse is
increased.

Apart from the contrast in the form of the kinetics, there are

also differences in the speed of activation at any given potential,
expressed in terms of the time required for half-maximal activation.
At -20 mV and 35-36°C, t^/2 ^or

wou^

typically be 30 msec or so

(McAllister & Noble, 1966, figure 2; Hauswirth, Noble & Tsien, 1972,
figure 8).

At the same potential and temperature, t^/2 f°r

TI

might be 3-4 sec (figure 3.6).

Relative Contributions of the TI and the Normal Pacemaker Mechanism
The divergent properties of the components allow experimental
observation of i

exclusive of the TI (figure 3.9) or recording of the
2

TI without interference from i

decay (figure 3.5), even when both
2

phenomena are present in the same preparation.

Now it is possible

to examine the relative magnitudes of the TI and of time-dependent
changes in ±v

under various conditions.

2
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TI. in the absence of cardiotonic drugs. In untreated fibers, i

is
2

by far the dominant time-dependent component over the pacemaker range
of potentials.

A small but unmistakeable TI can be evoked, however,

following a very long and strong clamp pulse.
was already noted in figure 3.10.

The appearance of the TI

The question of what conditions are

necessary for the appearance of the TI in untreated fibers will be
postponed to Chapter 4.
i„

in strophanthidin-treated fibres.

Strophanthidin has multiple

2

effects on membrane currents over the pacemaker range of potentials.

I was

primarily interested in the TI, and did not examine in any detail the
changes in time-independent current which occur rather quickly after
beginning strophanthidin exposure (Isenberg & Trautwein, 1975; Cohen, Daut
& Noble, 1975; figure 3.3).

I did, however, consider the possibility that

strophanthidin might affect iv , since Aronson et al. (1973) have
2

reported that ouabain treatment reduces the magnitude of i

in sheep
2

Purkinje fibers.
In the experiment illustrated in figure 3.1, some change in iv

might
2

be inferred from a comparison of the control records and the current
signal in the presence of strophanthidin.

This impression is deceptive,

however, because the experiment was designed to study current changes at
the maximum diastolic potential.

Since the maximum diastolic potential

was altered by strophanthidin, the protocol does not distinguish between
a direct effect of the drug, and an influence mediated by the change in
membrane potential.

The ambiguity is resolved by clamping the membrane

potential to the same level, during and after strophanthidin exposure
(figure 3.3).

The result shows that the time-dependent decay of i., is
2
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unchanged at a stage in the development in toxicity when the TI is already
appreciable, and when automaticity is already enhanced.
I generally found that TI's became significant at a level of toxicity
where iv

appeared unaffected.

This argues against the view (Aronson et al.,

2

1973) that changes in i„ are the immediate cause for the enhancement in
2
diastolic depolarization. On the other hand, it seems possible that a
reduction in i„

occurs even later in the onset of the toxic effects, and

2

contributes to the eventual loss of maximum diastolic potential, and
depolarization into the range of potentials above -50 mV (see figure 1.3).
I have little experimental evidence about whether or not a late reduction
in i^

actually occurs.

Some reduction should be expected since E^

eventually changes because of loss of cell potassium (Mdller, 1963).
Changes in iv might be difficult to study, however, due to interference
2

from large TI's and membrane current fluctuations (see panel d, figure 3.3).

Role of the TI in Enhancement of Pacemaker Activity by Cardiotonic Steroids
Although i

deactivation can certainly be found in strophanthidin2

treated preparations, its contribution to the generation of the pacemaker
depolarization is very much overshadowed by the transient inward current.
The timing and magnitude of the TI are appropriate to give it a dominant
role (figure 3.2).
iv

My results show that the TI is quite different from

in its kinetic properties, as well as its pharmacological behavior
2

(Chapter 4).

It is hardly surprising, then, that corresponding differences

should exist between pacemaker activity under the influence of cardiotonic
drugs and that in untreated Purkinje fibers.
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Such contrasts have already been recognized in earlier studies, and
led to the coining of new terms for the enhanced diastolic depolarization,
Including "transient depolarization" (Ferrier et al., 1973) and "low
amplitude potential" (Rosen et al., 1973).

These describe the diastolic

potential change most aptly when the depolarization falls short of the
threshold, although the depolarizations may also exceed threshold and
result in a propagated action potential.

The terminology reflects

observations that the enhanced pacemaker activity obeys different rules than
normal activity.

My results confirm this view by establishing that the

underlying mechanism is indeed different.

I will now consider the special

properties of the enhanced pacemaker activity to see if they can be
accounted for by the behavior

of the TI.

Cumulative effects of repetitive drive. Pacemaker activity in
untreated Purkinje fibers is characteristically depressed by repetitive
stimulation (see Vassalle, 1970).

Under the Influence of cardiotonic

steroids, this "overdrive suppression" can be reduced and even reversed,
to the point where spontaneous activity Is actually facilitated by
previous drive.

Such a facilitory response was first described for the

ventricular activity of intact animals (Wittenberg, Streuli & Klocke,
1970; Lown, Cannon & Rossi, 1967) but was soon confirmed in isolated
Purkinje fiber preparations (Gandel et al., 1970; Davis, 1973).

More

detailed studies by Ferrier et al. (1973) and Ferrier (1975) have carefully
characterized the influence of repetitive activity on subsequent
transient depolarizations.

Trains of driven action potentials were

followed by one or more TD’s, which appeared coupled to the last action
potential in the train (see, for example, figure 3.2).

The amplitude

of the TD's could be enhanced, either by Increasing the number or frequency
of the driven beats.
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These observations are explained, at least qualitatively, by the
findings in this chapter.

A train of action potentials produces a

cumulative effect because (1) a single action potential acts like a
relatively brief clamp depolarization, and is by itself a relatively
poor activator of the TI (figure 3.5).

(2) Successive depolarizations

produce summation (figure 3.11), and can therefore approach the
effectiveness of a prolonged depolarization.

Timing of the transient depolarization. Ferrier et al. (1973)
also showed that the timing of the TD's was sensitive to the preceding
pattern of activity.

Their observations are expressed in terms of

the "coupling interval", which they defined as the interval between
the last action potential upstroke and the peak of the TD.

The general

conclusion is that coupling interval decreases more or less linearly
with a decrease in the cycle length of the stimulus train (see Ferrier,
1975, for a revised and simplified interpretation of the coupling inter
val results).
Several features of the TI are probably involved in the observed
relationship between coupling interval and cycle length.
(1)

TI’s are evoked by a repolarizing step (figures 3.5 & 3.9).

In the

experiments of Ferrier and co-workers, this trigger would be provided
by the repolarization phase of the action potential.

Decreasing the

cycle length of the stimulus drive reduces the action potential duration,
advancing the occurrence of the repolarization.

This by itself should

advance the development of the TI, and therefore, the attainment of
the peak of the TD.
(2)

The time course of the TI is speeded by increasing the degree of

activation.

For example, figures 3.5 & 3.9 show a marked shortening
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in the interval between the repolarization and the attainment of the
inward current peak.

This factor may be the most important one in the

variation in coupling interval.
(3)

Apart from changing the time course of the TI, the degree of

activation also controls the TI amplitude.

Increasing the magnitude

of the TI should, by itself, steepen the rising phase of the TD (eqn. 1).
Steepening could reduce the measured coupling interval if the peak value
of the TD were somehow limited.

Such a limitation could be provided

by the activation of i„. , which would be promoted as the membrane
2
depolarized. The possible interaction between the TI and time-dependent
changes in iv

suggests further examination using a computer reconstruction

2

of the electrical activity (McAllister et al., 1975) but is beyond the
scope of this thesis.
Quantitative analysis of the coupling interval would clearly be
difficult.

In addition to the variety of contributing factors, one must

also control for the degree of toxicity, which has a subthreshold
influence on the time course of the TI.

An obvious first step in

such analysis would be to measure a different version of the coupling
interval, starting from an arbitrary point on the repolarizing
phase of the action potenial (say, at -60 mV) and extending to the
point of maximum rate of depolarization of the TD.

This briefer

interval would be more directly comparable to the voltage clamp
results than the coupling interval as it was originally defined.
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IONIC BASIS OF THE TI
INTRODUCTION
This chapter will he concerned with the ionic nature of the transient
inward current.

The starting point is the hypothesis that the TI is carried

-f |

by Ca

||

ions.

A transient influx of Ca

was originally proposed by

Ferrier & Moe (1973) in their studies of TD's.

In their experiments,

elevation of CaQ strongly increased the magnitude of acetylstrophanthidininduced TD's, while removal of CaQ abolished TD's reversibly.

Ferrier

_| |

& Moe also found that TD's could be inhibited by Mn

ions, which are

commonly used as inhibitors of Ca currents (see Vitek & Trautwein, 1971;
Reuter, 1973).

A similar inhibitory effect was demonstrated by Rosen,

Ilvento, Gelband & Merker (1974), using verapamil, an organic Ca
antagonist.

The inhibitory effectsof Mn and verapamil are unlike their

influences on pacemaker depolarization in untreated fibers (Kass & Tsien,
1975b).
These recent experiments are intriguing, in strongly suggesting the
||
involvement of calcium, and possibly, a direct inflow of Ca
across the
surface membrane (see Ferrier, 1975).

In untreated fibers, it has

been demonstrated that calcium contributes to inward current through
the slow inward channel (Reuter, 1967).
by either Mn

Since this pathway is inhibited

(Vitek & Trautwein, 1971) or verapamil (Kass & Tsien, 1975b;

Cranefield, Aronson & Wit, 1974), it is natural to ask whether the transient
inward current is carried by the normal slow inward channel (Rosen et
al., 1973).

Ferrier & Moe (1973) considered this possibility

but

pointed out that transient depolarizations can occur at -85 mV, i.e.
at least 30 mV negative to the previously reported threshold for the
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slow inward current (Vitek & Trautwein, 1971).

By itself, this

discrepancy could be explained by some sort of voltage shift in the
kinetics of the slow inward current channels.
But the voltage clamp experiments demonstrate a more basic difference
between the kinetics of the TI and of the normal slow inward current.
The slow inward current is activated by a step depolarization, whereas
the TI is triggered by a repolarization. The TI turns on with considerable
delay after the repolarizing step

and is thus readily distinguished from

the inward tall of slow inward current which occurs upon repolarization
(see figure 3.13).
The contrasts in kinetics establish that the TI is not carried by the
slow inward channels operating in their normal mode.

This throws open

the question of ionic mechanism to a variety of possible explanations:
(1)

The TI is generated by a fluctuation in the permeability to an ion

other than Ca (the effects of CaQ and Ca antagonists can be explained by
||
supposing that Ca
has a regulatory influence).
|-_|
(2) The TI is, in fact, carried by Ca
ions, but the pathway is
quite distinct from the slow inward channel.
(3)

The TI Is carried by an

altered form of the slow inward channel, a

channel whose kinetics have been fundamentally modified.
These hypotheses will be explored in the present chapter.

Important

evidence comes from experiments where the ionic composition of the
external solution was changed.

In these studies, I used the voltage

clamp technique because it offers considerable advantages over
conventional recording.

It allows ionic and pharmacological maneuvers

(low Nao» tetrodotoxin, highKq) which abolish normal

action potentials.

1
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RESULTS
Involvement of Ca Ions

Previous work has suggested that the transient inward current (TI)
might be strongly influenced by Ca and Mg.

Ferrier & Moe (1973) showed

that calcium ions enhance the acetylstrophanthidin-induced transient
depolarization, and Ferrier & Saunders (1972) demonstrated that
magnesium ions have an inhibitory action.

I have studied the effect

of variations in CaQ and MgQ, and have found opposing changes in the
magnitude of the TI, as would be expected from the earlier work.
Figure 4.1 shows current records from a voltage clamp experiment
in a preparation exposed to 1 pM strophanthidin.

TIs were evoked by

using a holding potential of -69 mV, and a standard 5 sec clamp pulse
to -32 mV.

Current traces from four consecutive runs are presented in

order in panels a-d.

The simplest comparison involves records c and d.

These show the effect of varying the calcium ion concentration while
keeping the total divalent ion concentration fixed.
Record c was obtained in the presence of 5.4 Ca, 0.5 Mg, the standard
solution in most of the voltage clamp experiments (see Chapter 3; Dudel
et al., 1967).

Removal of external calcium (record d_) produced a clear

and virtually complete abolition of the TI.

The reduction in TI amplitude

occurred very rapidly; record c3[was taken two minutes after Initiating the
solution change.

The change in the TI had already reached a steady-state,

but at this point, there was still a significant inward surge carried by
the slow Inward channels.

Within another three minutes, this inward

surge also disappeared (record not shown).

At this stage, CaQ was

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

0 r
nA

-20

0

r

10.8 Ca

5 . 4 Ca

5 . 9 Mg

5 . 9 Mg

5 . 4 Ca
0 . 5 Mg

*0

[ V

* *

I

0 Ca
5 . 9 Mg

5s

Figure 4.1. Effects of changes in Ca and Mg on TI magnitude. The four
panels show current records under varying ion?c conditions during the
application of a 5 second voltage clamp pulse from -69 mV to -32 mV.
The bar to the right of (b) indicates the TI magnitude of an earlier run
under the same conditions as (b). 1 pM strophanthidin. Preparation 144-5.
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restored to 5.4 mM, and within 3 min, the TI showed full recovery.
The removal of Ca ions was then repeated and once again abolished
the TI.
The comparison between £ and c[ involved an elevation in MgQ at the
same time as a decrease in CaQ. The effect of varying MgQ alone is
illustrated by comparing records b_ and £.

Reduction of MgQ from

5.9 to 0.5 mM resulted in a three-fold Increase in the amplitude of
the TI.

The Inhibitory effect of magnesium supports Ferrier & Saunders'

(1972) preliminary report on TDs, and also fits with the beneficial
effects of this ion in the treatment of digitalis-induced ventricular
arrythmias (Ghani & Smith, 1974).
As a final point, the traces In figure 4.1 also provide an illustration
of the effect of varying CaQ while keeping Mg^ constant.

Records a., b^

and cl were obtained with bath calcium concentrations of 10.8, 5.4 and
0 mM Ca.

There is a graded variation in the amplitude of the TI over

this broad range of calcium concentration.

The variation cannot be

attributed to running-down of the preparation since the Illustrated
results were bracketed by other runs.

For example, a run in 5.4 Ca,

5.9 Mg (same solution as in b) was carried out before the one which
included record £.

This run gave a TI whose amplitude is indicated

by the vertical bar to show the excellent agreement with the TI in
lb. Reversibility after run c[ was also checked by even later runs, as
mentioned previously.
The results of this experiment and others show antagonistic effects
of Ca and Mg ions which are entirely consistent with the findings
of Ferrier & Moe (1973) and Ferrier & Saunders (1972).

The present

results go beyond their observations of TDs in showing effects on the
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TI, exclusive of possible changes in other current components.
Another approach to the question of the involvement of Ca ions depends
upon pharmacological agents which are known to inhibit Ca currents (Rosen,
Ilvento, Gelband & Merker, 1974; Ferrier & Moe, 1973).

Figure 4.2 shows

the effect of D600 (a methoxy derivative of verapamil) on the TI induced by
strophanthidin (2 yM).
about 5 minutes.

Exposure to D600 (10 ^ g/ml) inhibited the

The inhibitory

effect of D600 is consistent with

TIwithin
theaction

of verapamil, a closely related molecule, on ouabain-enhanced diastolic
depolarization (Rosen et al., 1973).

Is the TI carried by some ion other than Ca?
Up to this point, the evidence is consistent with the idea that
the TI directly reflects an influx of Ca ions across the Purkinje
fiber membrane, as originally proposed by Ferrier & Moe (1973).

Another

interpretation is that Ca ions do not carry the current, but merely
modulate the conductance of some other ion (see Ferrier, 1975).

Such

a mechanism would be more complex, but not implausible, since Ca^ is
thought to control potassium conductance in ° woHoty of cell membranes
(Meech, 1974; see also

Isenberg, 1975) as well as regulating sodium

conductance in retinal

rods (see Hagins & Yoshikami, 1974).

In

considering the various hypotheses, it seemed worthwhile to see if
ions other than calcium might participate in producing the TI.

Is the TI generated by a fluctuation in g^?
In my terminology I have already implied that the TI reflects a
genuinely inward ionic current.

But it is fair to point out that this

is merely an assumption, and that the inward transient could equally
well be accounted for by a temporary dip in potassium conductance.
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Figure 4.2. Effect of T)600 on TI magnitude. The left hand figure shows
the effect of 2 yM strophanthidin on the membrane current following a
depolarizing voltage clamp pulse. The right hand panel shows that the TI
produced in strophanthidin alone has been abolished by the addition of
10~5 g/ml of D600 for seven minutes. Preparation 154-1.
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This hypothesis can be tested by clamping the membrane to potentials
negative to Ej,, to see if the current transient follows (E-Ej,) in
changing its sign.
Figure A.3 illustrates such an experiment.
the voltage traces.
return levels,

The upper panel shows

The TI was triggered by repolarizations to various

ranging from -80 mV down to -117 mV, following a standard

depolarizing pulse to -AO mV.
current records.

The lower panel superimposes the accompanying

There is an inward transient in each case:

occurs in the polarity of the TI.

no inversion

The lack of reversal may be contrasted

with the behavior of the slower changes in iv , upon which the TI is
2

superimposed.

iv

appears as an inward tail at -117 mV and -108 mV, and
2

as an outward tail at -80 mV.

(At -80, the visualization of the L
2

decay is aided by the dashed trace, which shows the current record before
the strophanthidin exposure, in the absence of interference from the
TI). At the intermediate potential, -98 mV, there is practically no
inward tail.

Thus, -98 mV seems to be a good approximation to the

reversal potential of iv . This value is very close to previous estimates
2

of the i

reversal potential in the absence of strophanthidin, at the
2

same Kq, A mM (Noble & Tsien, 1968).

Now it is generally believed

reversal potential is an accurate indicator of Ev

that the
2

(Vassalle, 1966; Noble & Tsien, 1968; Peper & Trautwein, 1969).
this is the case, the agreement in Erev suggests that

If

remains

relatively unchanged at a stage where the TI is already appreciable.
Our results are not conclusive, but the experiments of Cohen, Daut
& Noble (1975) may eventually settle this question.
Further evidence on the influence of potassium ions comes from
experiments where Kq was altered.

Figure A.A shows runs in A and 16 mM Kq
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Figure 4.3. Effect of clamping past EK on TI magnitude. The upper panel
shows the superimposed voltage records from four successive 0.2 second
clamp pulses from -80 mV to -42 mV in the presence of 1 pM strophanthidin.
The return potential was varied from -80 mV to -117 mV in order to
bracket the expected
of about -100 mV. The current records during
the repolarization are shown in the bottom panel. Superimposed on the
current record to -80 mV is a current record taken in the absence of
strophanthidin (dashed) in order to show the normal decay of ij^* ^s
the repolarization potential becomes more negative, in the presence of
strophanthidin there is an apparent reversal in polarity of i ^ without
a change in polarity of the TI. Preparation 124-1.

I
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Figure 4.4. Effect of clamping past
on TI magnitude in 16 mM K. The
left hand figures show the effect of return potential on the polarity
and magnitude of the TI in 4 mM K while the right hand set of figures
show .the same procedure after six minutes in 16 mM K. E^ should be about
-100 mV or -63 mV in 4 mM and 16 mM K respectively. The observed TI does
not reverse polarity even at potentials as negative as -84 mV in the
16 mM K solution. 2 yM strophanthidin. Preparation 154-1.
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during the course of continuous microelectrode impalements.
experiment, unlike the one in figure 4.3, i

In this

reversal is not obvious,
2

because the longer depolarizing clamp pulse evoked a larger TI without
activating i„

to any greater degree (see figure 3.9).

The key result

2

appears in the right hand panel.

No change in the polarity of the TI

occurred, even with return potential as negative as -84 mV.

This is

well negative to -63 mv, the expected value of EL if E^ ■ -100 mV in
4 mMKq and if

obeys the Nernst equation.

Comparison of the left-hand and right-handpanels in figure 4.4
shows somewhatlarger TIs at the higher potassium concentration.

This

is probably due to an ongoing increase in the degree of toxicity at the
rather high strophanthidin concentration (2 yM).

I cannot rule out a

direct effect of Kq, however, and further experiments are in order.
In any case, it seems safe to conclude from figure 4.4 as well as
figure 4.3 that the TI is not generated by a transient variation in gv.

Involvement of chloride ions?
A phasic change in the conductance to chloride ions would be
an unlikely explanation for the transient inward current.

is

generally thought to lie at about -60 to -70 mV in untreated fibers
(Hutter & Noble, 1960; Reuter, 1968) and there is no hint of a reversal
in the TI anywhere near these potential levels.

Some experimental

test seemed warranted, however, in the absence of evidence on the
value of E . under the influence of cardiotonic steroids.
vl

Figure 4.5

shows that no change in the TI takes place when the fiber is exposed
to chloride-deficient solution.

In this case, all but 16 mM Cl was
o

replaced by methylsulphate, an anion which fails to pass through
the known pathways for chloride (Hutter & Noble, 1960).

A similar lack of

effect was observed when isethionate was used as the chloride substitute.
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Figure 4.5. Effect of low Cl on TI magnitude. The three panels show
current records on applying a°two second depolarizing pulse to -24 mV from
a holding potential at -41 mV. The middle of the three panels shows the
effect of reducing Cl from 155 mM to 15.8 mM for ten minutes using
methylsulfate as the substitute anion. 1 pM strophanthidin. Preparation
148-1.
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The results suggest that chloride ions play no important role in the
generation of the TI.
Influence of sodium ions on the TI
Since potassium and chloride ions are essentially eliminated as
candidates, it is natural then to consider the possible contribution of
sodium ions to the TI.

In untreated fibers, it is likely that sodium

enters the cell via more than one pathway, including a time-independent
leak, but the largest influx by far takes place through the fast
sodium channel.
Effects of tetrodotoxln and sodium replacement.

The possible

participation of the fast sodium channel was investigated by exposing
preparations to tetrodotoxln (TTX) which is known to block sodium
channels in Purkinje fibers (Dudel, Rlldel, Peper & Trautwein, 1967b;
Carmeliet & Vereecke, 1969).

Figure 4.6 illustrates the effect of TTX

on a strophanthidin-intoxicated preparation.

The current records were

taken from consecutive runs, each in the presence of 1 yM strophanthidin.
Record ,a shows the control TI, evoked by a repolarizing step to -68 mV,
after a prior depolarization to -24 mV for 5 sec.
waveform accompanied the other current records.

The same voltage
Exposure to TTX

(3 pM) for ten minutes strongly reduced the amplitude of the TI (record
b).

By itself, this reduction might be viewed as evidence that the TI

was indeed carried by the fast sodium channel.
This interpretation is not supported, however, by subsequent
results.

In the next run, the external sodium concentration was reduced

to 10 mM, using choline as a replacement, with TTX still present.

Current

trace c was taken just two minutes after initiating the solution change,
and shows a marked enhancement of the TI.

The effect of sodium replacement
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Figure A.6. Effect of TTX and low Na on TI magnitude. F.ach of the five
panels shows the current record accompanying a 5 second depolarizing pulse
to -2A mV from a holding potential of -68 mV under varying conditions.
Application .of 3 pM TTX in addition to the 1 pM strophanthidin significantly
reduced the magnitude of the TI as is illustrated in (b) .and (d). While
maintaining the 1 pM strophanthidin and the 2 pM TTX, Na was reduced to
10 mM using choline as a replacement cation. (c) shows She marked increase
in the TI under these conditions, (e) shows that there was no significant
progression of intoxication during the experiment. 1 pM strophanthidin.
Preparation 145-2.
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contradicts the idea that the TI is carried by sodium ions.
The remainder of the runs carry out the original maneuvers in
reverse.

Restoration of NaQ (record d) removes the enhancement of the

TI; in fact, the inhibition of the TI seems more complete in d^ than in
b.

This observation may fit in with the scheme given below.

Record e

shows that recovery of the TI was obtained after washing out the TTX.
The amplitude of the TI in e agrees very well with the original control
(record a) and provides reassurance that the intervening changes were
not due to an ongoing increase in the degree of intoxication.
After run e_, the preparation was re-exposed to sodium-poor solution,
but in this case the TTX was omitted.

The amplitude of the TI increased

to a value four times larger than that in e , a larger enhancement than
observed in £ relative to £ or £.

(The records were taken at lower

amplification and were therefore not included in the figure).

The

larger effect of sodium removal indicates that the stimulatory effect
in £ was partially offset by the presence of TTX.
The effect of sodium deprivation (reduction to 10 mM Na) was studied
in one other experiment, where it gave a three-fold increase in the
strophanthidin-induced TI.
Sodium replacement in the absence of strophanthidin. Since sodium
removal enhanced the strophanthidin-induced TI, it was natural to ask
whether a similar enhancement might be found in otherwise untreated
fibers

Figure 4.7 demonstrates that this was the case.

The traces

show the voltage signal (top) and accompanying current record (bottom)
in the presence of normal NaQ (right) and in sodium-free solution (left),
using Tris as the substitute.

In the absence of external sodium, the

depolarizing pulse was followed by a sizeable TI; restoration of NaQ
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Figure 4.7. Effect of sodium-free solution on the TI in the absence of
strophanthidin. Current and voltage records are shown for 2 second
depolarizing pulses to -15 mV from a holding potential at -41 mV. All
external sodium in this experiment was replaced with Tris. The left
hand panel shows that the depolarizing clamp pulse evoked a TI on
repolarization under sodium-free conditions and not with normal Tyrode
solution as is shown in the right-hand panel. Preparation 151-2.
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abolished the inward transient within a few minutes.

Re-exposure to

sodium-free solution evoked a TI once again (record not shown).
A similar result was obtained in another preparation where sodium
was entirely replaced by Tris.

Less complete substitution was carried

out in two other experiments where one-fourth of the normal sodium
concentration was retained.

One of these preparations developed a

small but clear TI following sodium deprivation.

No TI was observed in the

other preparation, but this may have been due to the restricted range
of clamp potentials that were used for the purpose of studying iv .
2

The observations in sodium-deficient solutions reinforce the earlier
finding (figure 3.10) that TIs may be evoked in the absence of cardio
tonic steroids.

Apparently, either strophanthidin or sodium removal

act by enhancing a mechanism which is already present in untreated
Purkinje fibers.

Effect of high Ca
___________
o

Another procedure for evoking TIs was suggested by the experiments
of Ferrier & Moe (1973) who found that TDs could be evoked without
cardiotonic drugs by exposing Purkinje fibres to calcium-rich solution.
My

results with TIs were consistent with their findings.

Figure 4.8

shows the effect of a tenfold elevation of CaQ. The superimposed current
records in 1.8 mM CaQ show no TI for either brief or long clamp
depolarizations.

In 18 mM CaQ, on the other hand, a TI can even be

evoked by a 1 second clamp pulse.
when the Ca

o

The inward transient disappeared

was returned to 1.8 mM; the record c shows current
—

fluctuations, but after several minutes, these also disappeared.
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Figure 4.8. Effect of high Ca on TI magnitude in the absence of
strophanthidin. Each of the tfiree panels show voltage and corresponding
current records during voltage clamp pulses to -21 mV from a holding
potential of -62 mV. The left-hand panel shows that neither a '-'1 second
nor a 5 second voltage clamp pulse evoked a TI in 1.8 mM Ca . After CaQ
was increased to 18.0 mM for 12 minutes, a 1 second depolar?zing pulse
was sufficient to induce a TI. The recovery record taken after 14 minutes
in 1.8 mM Ca (right-hand panel) shows that a 1 second pulse does not
evoke a TI. °10 M epinephrine, 4 10
M EDTA, 5 10
g/ml D600 present
throughout experiment. Preparation 93-6. This experiment, although marred
by the presence of several drugs, is presented because it is the most complete.
Other experiments without drugs show similar effects of elevated Ca . In
the present experiment the concentration of D600 was two orders of magnitude
too small to block the TI.

1
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It is evident that calcium ions are capable by themselves of
evoking the TI.

This result may help explain earlier observations of

oscillatory afterpotentials in Ca-rich solutions (see Carmeliet &
Vereecke, 1969, figure 8), although the influence of Ca ions on iv
2
may also participate (see McAllister et al., 1975).

Ca ions may play a dual role
Let us return to the original questions which motivated the ion
replacement experiments.
current?

(1)

Does Ca itself carry the transient inward

(2) Does Ca^ act as a regulator of the TI mechanism?

It may

be helpful to summarize the results up to this point before going on to
consider other evidence.
Ca ions carry the transient inward current. Ca removal abolishes the
TI at least as rapidly as it reduces the slow inward current (Fig.fl).

This

direct evidence is reinforced by the other ion replacement experiments,
which argue strongly against the involvement of potassium, chloride and
sodium as charge carriers.

Barring a H+ ion current, which seems highly

unlikely for quantitative reasons, the results argue by process of
elimination that the TI is generated by a calcium influx.
The TI may be regulated by Ca^.
is a

Acceptance of the idea

that theTI

calcium current does not preclude the second hypothesis: that the

transient current falls under the influence of internal Ca.

In fact, the

sodium replacement experiments make this a serious possibility.
Removal of NaQ is known to produce contractures in heart muscle
(Lttttgau & Niedergerke, 1958) and these contractures have been
to a rise in

Ca^.

The rise is probably due to

a

attributed

decrease in Ca extrusion
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and a gain of Ca entry via the Ca-Na exchange (Reuter & Seitz, 1968; see
Baker, 1973 or Blaustein, 1974 for review).

This mechanism uses the

downhill movement of Na ions into the cell to drive the uphill efflux
of Ca.

The properties of the Ca-Na exchange could unify most of the

observations up to this point.

Effect of Na^. The exchange requires external sodium.

Choline

is ineffective (Glitsch, Reuter & Scholz, 1970) so substituting this
ion for sodium should lead to a rise in Ca^.
Effect of Na^. The exchange is also sensitive to internal sodium
concentration; an increase in Na^ would be expected to Increase Ca^ (Glitsch,
Reuter & Scholz, 1970).

Strophanthidin and other cardiotonic steroids

may act by elevating Na^ (see Baker, Blaustein, Hodgkin & Steinhardt, 1969;
Langer, 1970) although this point remains controversial (see Gadsby,
Niedergerke & Page, 1971).

Tetrodotoxln blocks the fast sodium channel

and should therefore slow the leak of sodium ions into the cells.

If

some fraction of the sodium pumps remains unblocked, decreasing the passive
entry should allow a net decrease in Na^, and secondarily, a fall in Ca^.
According to the hypothesis, the reduction in Ca^ should favor a decrease
in the TI.
Effect of Ca^.

Calcium-rich solutions will increase Ca^, judging

from the accompanying positive inotropic effect.
hypothesis, the rise in Ca^ would favor the TI.

According to the
This kind of secondary

effect would be difficult to separate from a simple increase in the
availability of ions to carry the inward current.

Direct information

on Cai would help settle this point but is not available.

Indirect

evidence on the possibility that Ca plays two roles will be presented
below (Sr substitution).
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la the TI carried by the slow Inward channel?

If Ca ions carry the transient inward current, as claimed above, one
would expect that the TI amplitude should strongly depend on the calcium
driving force, (E-E^). Under ideal circumstances, such a relationship
might be revealed by an instantaneous current-voltage relationship,
obtained at the peak of the TI.
approach.

There are two difficulties with this

First, the two-microelectrode voltage clamp method is not

capable of changing the potential across all membranes along the length
and depth of the preparation rapidly enough to approximate "instantaneous"
conditions.

Changes in TI conductance would be expected along with the

desired changes in driving force.

Second, depolarizing clamp pulses

would be necessary to approach E^, but these would trigger other
current components (for example, the fast excitatory sodium current),
and these would interfere with the analysis.
Figure 4.9 shows the result of a more modest procedure.
was made to change membrane potential during the TI itself.

No attempt
The TI was

triggered by repolarizing steps to various potentials, using the same
protocol as in figure 3.12.

This approach has the advantage of

minimizing the interference from other time-dependent current changes.
Repolarization produces an inward tail carried by the slow inward current,
but this decays well before the peak TI.

The shutting-off of ±v

does

2

overlap the TI, but its time course is much slower and its magnitude
smaller so the error will not be very important.
The circular symbols in figure 4.9 plot results from the most
complete experiment.

TIs were evoked following a standard depolarizing

pulse to -20 mV; the TI amplitude (ordinate) is shown as a function of
the return potential.

Over the range of voltages negative to
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Figure 4.9. TI magnitude as a function of return potential. Following
a 5 second depolarizing pulse from a holding potential of -50 mV to
-20 mV, the membrane was repolarized to a variable level, V, as shown
in the insert. The magnitude of the resulting TI is plotted as a function
of V. The smooth curve was fitted to the open circle data as discussed
in the text. The X at -20 mV indicates that no TI was evoked without a
repolarizing step. Data from two other experiments were scaled to fit
the theoretical curve at -70 mV. Open circles, preparation 139-2; open
triangles, preparation 127-2; open squares, preparation 1]7-1. 1 pM
strophanthidin in each case.
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-50 mV, the data may be reasonably fitted by a straight line proportional
to E-F,£a, where

was set at +70 mV as a rough guess (see Vitek &

Trautwein, 1971; McAllister et al., 1975).
Above -50 mV, the TI amplitude deviates from simple proportionality
to E-E^a> as indicated by the dashed line.

Evidently, some other voltage-

dependence becomes dominant as the return potential is made less negative.
The points have been fitted by a theoretical curve which takes account of
an additional factor which will be described below.
The extra voltage dependence was also observed in the other
preparations where similar analysis was carried out.

The figure also

includes data from two additional experiments (squares and triangles).
TI amplitudes were scaled by a constant factor, chosen to make the
points near -70 mV fit the smooth curve.

This normalization allows

comparison of voltage-dependence, independent of the absolute size
of the TIs in the different preparations.

The combined plot shows

more scatter, but the smooth curve still fits the data reasonably
well.

Participation of slow inward channel inactivation?

The theoretical

curve attributes the extra voltage dependence to the inactivation process
of the normal slow inward current.

The idea is that the TI is carried

by slow inward channels whose activation ’gates’ are altered but whose
inactivation 'gates’ are intact.

Inactivation has been formally described

by Bassingthwaighte & Reuter (1972) in terms of a Hodgkin-Huxley variable,
£, which obeys first-order kinetics.

This variable is analogous to h

for the excitatory sodium current in changing from 1 to 0 with depolarization.
Like h (Weidmann, 1955),

may be described in the steady-state by a function
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of the form

f m

i------[1+exp(V-Vf)/k]

This is also the functional form I have used to generate the backwards
S-shape above -50 mV in figure 4.9.

The entire smooth curve is given by

the equation
TI
where the voltage parameters are

= -39 mV, and k = 5 mV.

The values

used here lie within the range reported for f^ in previous studies in
Purkinje fibers

Vereecke & Carmeliet (1971) used

= -38 mV, k = 2.5 mV,

while Fozzard & Hiraoka (personal communication) found
k * 8 mV.

= -68 mV,

More extensive experiments have been carried out in ventricular

muscle, where the f^ curve lies somewhat less negative.
& Reuter (1972) found

Bassingthwaighte

= -27 mV, k = 8 mV, and Trautwein, McDonald &

Tripathi (1975) obtained similar values.
The rather good agreement suggests that the major voltage-dependence
of the TI can be readily accounted for by variation in f^.

By the

same token, the delayed rise in the transient inward current may also
be attributed to the time-dependent removal of inactivation, which follows
a hyperpolarizing potential change.

This explanation is encouraged

by the similarity between the exponential time constant

for removal

of inactivation (see Peper & Trautwein, 1968; Gibbons & Fozzard, 1975b), and
the delay between a repolarizing step and the peak TI.
In untreated fibers, removal of inactivation does not lead to a
delayed inward surge because of the behavior

of the activation process.

The normal activation process is described by a Hodgkin-Huxley process, <1
3
(analagous to m for the excitatory sodium channel). d shuts down with a time

L
~
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Figure A.10 A. Influence of depolarizing potential on TI magnitude. From
a holding potential at -61 mV, a 1 second depolarizing clamp pulse stepped
the potential to a variable level, V. The magnitude of the TI that followed
on returning to -61 mV was plotted as a function of V. The filled circles
show the results of such a procedure early in strophanthidin intoxication.
The open circles show the result of another run later in the experiment.
1 uM strophanthidin. Preparation 148-1.
Figure 4.10 B. Tension-voltage relationship in normal and low extracellular
sodium. Peak twitch tension in cat myocardium was measured as a function of
depolarizing potential from a holding potential of -63 mV in 140 mM sodium
Tyrode solution and in 12 mM Na Tyrode, In the low Na solution, choline
was used as the replacement catfon (10~°g/ml atropine). (Replotted from
figure 7, New & Trautwein, 1972b).
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constant of the order of 20 msec near -70 mV, and is reflected by a rapid
inward 'tail' current.

Once d^ falls to zero, the much slower removal of

inactivation (t ^ ■ 500 msec, see Gibbons & Fozzard, 1975b) fails to result
in conducting channels.

The presumption of my explanation is that some of

the activation 'gates' can lose the ability to rapidly shut off the channel
conductance.

A similar hypothesis has been proposed for the kinetic

modification of sodium channel gating in nerve under the influence of
Centruroides scorpion venom (Cahalan, 1975).

Slow inward channel activation and the TI
Since the voltage dependence of the TI appears similar to the
voltage dependence of the slow inward current inactivation variable,
f^, it seems natural to ask if there is a similarly simple correspondence
between the development of the TI and d_. One might imagine in the
simplest instance, that the induction of the TI should mirror the
voltage-dependence of the activation process in the steady-state d^.
This relationship could arise if opening of the <1 gates were required
for the subsequent modification to allow the TI to occur.

According

to this hypothesis, one would expect an increase in the TI with greater
depolarization, reaching saturation at the point where the depolarization
opened all of the (i gates.

Voltage dependence of TI induction. Characterization of the voltage
dependence of the TI must take account of the degree of intoxication.
Figure 4.10A shows a plot of TI magnitude as a function of voltage
clamp pulse potential at two different stages of intoxication in an experiment
on a single Purkinje fiber.

The lower points illustrate data early in the

strophanthidin exposure, whereas the upper points show the TI magnitude when
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the fiber is more intoxicated.

While the TI becomes larger at all potentials

the most interesting aspect of the figure is the decrease in TI magnitude with
larger depolarizations in the upper curve.

This observation alone is enough

to rule out the simplest hypothesis and indicates that the events underlying
the TI are more complicated.
Possibility of a fall-off in Ca^.

The results in figure 4.10A

show that the voltage dependence of the TI as

I measured it, is not fixed,

but seems to depend on the degree of intoxication.

Since a greater

degree of intoxication is accompanied by an increase in contractility,
it is reasonable to look for parallels in the voltage dependence of
contraction.

Gibbons & Fozzard (1975a) found in fact, similar voltage-

dependence for tension in Purkinje fibers.

They showed that tension

increased from -60 mV up to a peak at +10 mV, falling off at more
positive potentials.

Changes in voltage dependence were noted by

New & Trautwein (1972) in ventricular muscle.

The maneuver they used

was sodium replacement, but this procedure, as I have already argued
may be analogous to applying strophanthidin.
experiments are shown in figure 4.10B.
4.10A.

The results of their

Their figure resembles figure

There is an increase in overall tension in the low sodium run

and a fall-off from peak tension over the same range of potentials where
the fall-off was seen in strophanthidin.

Since tension is dependent on

Ca^ and, since there is an Increase in tension both in strophanthidin
intoxication and with sodium replacement, there is a strong implication
that the TI is related to Ca^.
Both in the case of sodium replacement and in the case of strophanthidin
application, the observed fall-off as a function of potential could be due to
a change in the driving force for calcium entry.

If calcium entry during

X
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the depolarization were a governing factor in regulating either the
magnitude of the tension or the size of the TI, then as depolarizing
pulses approached E^, the driving force for calcium entry would
decrease, less calcium would enter during the pulse and the
resulting event would be diminished.
An alternative explanation is that the fall-off with strong
depolarizations reflects a decreased release of Ca from the SR.
Although there is no evidence for such a mechanism, it cannot be
ruled out.

The differences between these schemes are less important

than the common feature:

dependence of the TI on Ca^.

Strontium replacement. It appears that calcium may play a dual role
in the TI phenomenon:

(1) Calcium carries the TI current and (2) Ca^

regulates the induction of underlying membrane changes.

Based on

circumstantial evidence, it has been hypothesized that the TI current
passes through altered slow inward current channels.

To test the

hypothesis I carried out experiments with Sr as a substitute for CaQ .
I expected Sr replacement to increase the TI amplitude since Vereeke
& Carmeliet (1971b) have shown that Sr passes more easily through the
slow inward current channels than does Ca.
in figure 4.11.

The results are shown

Contrary to my expectation, replacement of Ca by Sr

reversibly abolished the TI.

There are three possible interpretations

to this result:
(1)

The TI is not carried by slow inward current channels, but
is carried instead by some other pathway which selects
strongly for Ca over Sr.

(2)

The TI is carried by slow inward current channels, but these
channels are modified in their selectivity (as well as their
kinetics) so that they now exclude Sr.
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Figure A.11. Effect of Sr substitution for Ca on TI magnitude. The
three panels Bhow current records during a 1 second depolarizing pulse
from -AO mV to -28 mV, TIs are seen when Ca was 5.A mM as is shown in
both the first and the third panels. The middle panel shows the effect
on the TI of replacing all of the external CaCl2 with SrCl2 » 1 yM
strophanthidin. Preparation 153-3.
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(3)

The TI Is carried by slow inward current channels with normal
selectivity.

Thus, while Sr is able to pass through the slow

inward current channels, once in, it is a poor substitute
because it cannot replace internal Ca in inducing the TI.
While I cannot distinguish between these three interpretations the
various possibilities are useful in provoking future experiments*
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FLUCTUATIONS ASSOCIATED WITH STROPHANTHIDIN INTOXICATION
INTRODUCTION

One of the curious aspects of the current and voltage records after
a cardiotonic steroid has been applied is the development of "noise."
The term "noise" is used in this circumetance to mean apparently random
fluctuations in current or voltage magnitude.

The many figures of TIs

seen throughout the thesis, demonstrate the correlation between the "TI
effect" and current noise.

Figure 3.3 shows that as intoxication of a

Purkinje fiber preparation progresses, the magnitude of the current "noise"
increases as does the magnitude of the net inward current.

Since I never

observed the development of TIs without an increase in current "noise" and
since there was an appropriate voltage fluctuation seen in an unclamped
record (see figure 5.1 and figure 5.2), I feel that the development of
current "noise" might have some underlying physiological significance.
METHODS
Although measurements of electrical activity are informative
(see e.g. figure 5.2), quantitative analysis of fluctuations was
limited to voltage clamp current records.
reasons for this.

(1)

There are two theoretical

The lumped electrical parameters act effectively

as a RC filter (5 msec < T < 24 msec; see figure 5.3a).

(2)

Rm

or I (fluctuation) may be voltage dependent as is illustrated in
figure 5.3b.

Since I am looking at relatively slow events, the RC

filtering done by the Purkinje fiber does not matter.

The voltage
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Figure 5.1. Upper trace from Purkinje fiber (dog) bathed in a Tyrode
solution contaning .23 yM acetylstrophanthidin. The left-most action
potential is the last in a series of ten action potentials. Following
the action potential is a transient depolarization. Notice the voltage
fluctuations in the record following the TD. Compare this trace to the
bottom trace taken simultaneously from an attached papillary muscle
exposed to the same treatment. The voltage record from the muscle is
flat compared to that of the attached Purkinje fiber. (From Ferrier,
Saunders & Mendez, 1973* Fig. 1).
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Figure 5.2. Spatial uniformity of voltage fluctuations. The top and
bottom panels are consecutive recordings each made from two simultaneous
voltage impalements. These records were taken at high gain and show the
typical low frequency fluctuations seen in intoxicated fibers. The
preparation was 2.8 mm long; the two voltage electrodes were .5 mm apart.
Preparation 149-1.

I
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T (fl uct.ilation)

C

Figure 5.3a. The membrane capacitance and membrane resistance act
together as an effective filter to changes in membrane potential caused
by I(fluctuation). Using the values of C and R from Weidmann (1952),
T = 24 msec. If only the high frequency component of C is considered
(Fozzard, 1966), then T = 5 msec. The events examined ¥n this thesis
are slow, however, and would not be attenuated by such a filter.

Figure 5.3b. Because Rm and I(fluctuation) are probably functions of
membrane potential, voltage clamp current records are of value.

j
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dependence of Rm and I (fluctuation) is, however, important.
more, since

Further

the various ionic conductances are voltage-dependent,

any initial perturbation in voltape could, by itself, result in further
changes.

In fact, at the normal resting potential, i„ , the potassium
2

pacemaker current, is not inherently stable as is illustrated by the
two panels in figure 5.A.

Clearly the oscillations seen in figure 5.4

are fundamentally different from the TDs described previously, for
these oscillations are long-lasting and undampened.

Both of these

examples are from experiments done in low K (2.7 mM) Tyrodes solution
which favors the development of spontaneous activity in Purkinje fibers
as was explained in Chapter 1.

In order to avoid the problem of

voltage influences on the various membrane conductances, all of the
"noise" analysis was done on current records obtained under voltage
clamp conditions.
Quantitative measurements of current fluctuations were made from
photographic enlargements of chart recorder records filtered by a
simple RC circuit (T*10 msec). The upper envelope of the current
record was traced onto graph paper (see figure 5.5) and current values
were determined every .1 second for a period of about 15 seconds.
The variance and autocovariance of the current were determined using
a Digital Lab 8 /e computer (Digital Equipment Corporation, Maynard,
Massachusetts).
RESULTS
There are two simple artlfactual explanations possible for the
observed current and voltage "noise."

(1) The preparation could be contracting.

This was ruled out by looking at the preparation under the dissecting
microscope (50 x magnification) and seeing no movement.

(2)

The cell
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Figure 5.4A. Oscillations In iv
K29 lead to spontaneous activity in dog
2.7
mM
K
Tyrodes
solution. No drug present. (From
Purkinje fibers.
Weidmann, 1964).
Figure 5.4B. Initiation of pacemaker activity in 2.7 mM K Tyrodes.
or calf Purkinje fibers. No drug present, (from Vassalle, 1965).
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CO NTROL

STRO PH ANTH IDIN

Figure 5.5. Current "noise" seen after cardiotonic steroid intoxication.
Current records were obtained on a chart recorder under voltage clamp
conditions, (b) and (c) are current traces at -73 mV from neighboring
runs after 36 min and 37 min exposure to 1 yM strophanthidin. For comparison,
(a) shows a control current record at -67 mV, obtained 41 min after washing
off the strophanthidin, (d) illustrates the method used to analyze the
current fluctuations. The envelope of the record was traced on graph
paper and values of current were picked off graphically by sampling once
every 100 msec. Current values were estimated to the nearest tenth of a
vertical division, where each vertical division represents 0.69 nA.
Preparation 127-2.

R eproduced with perm ission o f the copyright owner. F urther reproduction prohibited w ith o u t perm ission.

122

penetrated by the voltage electrode could have been electrically
coupled to the bulk of the preparation in a sporadic way.

If this

were the cose under voltage clamp conditions, the current passed
in order to maintain a clamped potential would vary as the resistance
between the impaled cell and the rest of the cable changed with the
degree of coupling.

In examining this possibility, two simultaneous

voltage recordings were made from electrodes placed in different cells
in the same Purkinje fiber.

Figure 5.2 shows an example of a record

in which the electrode spacing was 500 y, about four cell lengths.

Since

each electrode measured voltage fluctuations that were synchronous and
comparable iri magnitude, one can conclude that the "noise" is not due to
a single aberrant cell.

Electrogenlc pump. Since cardiotonic steroids are well known for their
blockade of the Na/K ATPase and since there is recent evidence
suggesting that this enzyme can act as an electrogenic pump (Vassalle,
1970; Isenberg & Trautwein, 1974), it seems reasonable to hypothesize
that the fluctuations of membrane current seen following the application
of strophanthidin might simply be a statistical averaging of the currents
generated by an ensemble of electrogenic pumps.

It is easy to imagine

that these pumps extrude positive charge normally and might stop as a
strophanthidin molecule interacted with the enzyme.

This sporadic

blockade of the electrogenic pump by strophanthidin in a discrete way
would give rise to the measured current fluctuations.
In order to test the hypothesis, an analysis of the current "noise"
was done that was similar to the one performed by Katz & Miledi (1972)
on acetylcholine noise.

Campbell's theorem tell us that for shot noise
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(Rice, 1944):

I = n f (t) dt
where the associated "noise" variance is
s^ = n f^(t) dt
f(t) is a function that describes how the current "noise" changes
with time for an elementary event,
i

is

the average current created by the ensemble of elementary events,

n

is

the number of timesper unit time that an elementary event occurs.

T

is

the average time of an event, given that an elementary event occurs.

nT

is

the fraction of time consumed by events per unit time.

A pulse of electrogenic current is hypothesized to be switched off
every time the strophanthidin molecule associates itself with the
pump.

For that reason one might expect that a square wave would describe

the event.

The current would be reduced by the amount contributed by

the electrogenic pump, equal to a_. This reduction in current would
last for a period of time, T.
Thus:

f(t)

= a for all t, 0 < t < T
= 0 for all t greater than T.

thus, i = naT
2

and s

2

= na T

so
2

s
a ■= —
i

The magnitude of the elementary event is thus equal to the variance of
the "noise" divided by the mean of the "noise".
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The value of the current was measured every .1 second and a
simple computer program was used to calculate the variance of
the current "noise" at a fixed holding potential.

The mean of the

current "noise" was determined by a relatively arbitrary procedure.
I assumed that the entire shift in current that occurred after the
application of 1 pM strophanthidin was due to a reduction in outward
current caused by the blockade of a collection of electrogenic pumps.
The "mean" that was determined in this way was 10 nA.

It is clear,

of course, that other explanations of the 10 nA shift are possible.
A reduction in outward K current could also be due to either a reduced
(K)^ or an increased (K)q (e.g. in the clefts between the cells).

If

one of these alternative explanations were correct in part, the
calculated value of the mean electrogenic event would be reduced and
the resulting value of the elementary event, a^, would be increased.
For that reason, the calculation below represents a lower limit of
the value of a.

*)
— 1 ft0
8
1.235 10 ■LV
a ” -3 - ■ ------- 5-- *
i
10. 10~y A

,„-9 .
.12 10
A

The model proposed would suggest that each electrogenic pump (Na/K ATPase)
normally contributes .12 nA of outward current.
large.

The number is absurdly

In order to illustrate this point, let us assume that the Na/K

ATPase is a pure electrogenic pump extruding 3 net positive charges per
2

cycle with a turnover rate of 10

-1

sec

(Hoffman, 1973):

I (electrogenic) ■ (3) X (10^ sec "S X (1.6 10 ^Coulombs/ion)
• 4.8 10 ^

A/pump

This value is more than six orders of magnitude too small.

Even if we
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were to assume the "highest turnover number of any known enzyme..."
of 6.0 10^ sec ^ (Lehninger, 1970) the calculated value of a would

*

still be three orders of magnitude too large.
The conclusion from this analysis is that the current fluctuations
measured under these circumstances are not a simple result of random
blockade of individual electrogenic pumps.

This analysis does not,

however, allow the ruling out of a more complicated hypothesis involving
the Na/K ATPase.

If, for example, there was some sort of cooperativity

between the various individual pumps allowing for some degree of
synchrony in activity, one might be able to explain the observed
fluctuations.

Conductance. Since the simplest hypothesis is not supported by other
data, let us consider another one more complicated and, perhaps, more
appealing.

It is possible that the application of a cardiotonic steroid

leads to "noise" by directly or indirectly affecting certain ionic channels.
Since the development of the TI and the current "noise" develop in
parallel, and since a variety of procedures produce both effects
(e.g. Na removal, application of TTX or changes in (Ca)o), one
possible explanation would be that both are due to the same underlying
event, perhaps an increase in (Ca)^

Chapter 4 presented circumstantial

evidence supporting the hypothesis that an increase in (Ca)^ was involved
in the development of the TIs following depolarizing clamp pulses.

A

change in (Ca)^ might be expected to alter the voltage dependence of
an ionic channel as the result of a simple surface charge effect
(Frankenhauser & Hodgkin, 1957).

Making several assumptions, it is possible

to calculate a "mean event" for this conductance hypothesis.

±
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One approach would be to calculate a "mean event" for known single
channel conductances with an ionic driving force similar to the one seen
here.

If we assume that the calcium ions carry the current through the slow

inward current channel, then we can use the value for the reversal potential
of that channel which is about +70 mV (Vitek & Trautwein, 1971; Reuter, 1973).
Unfortunately, the best defined single channel conductance is for a different
ion (Na and K), in a different preparation (frog neuromuscular junction),
elicited by a different agent (acetylcholine). Anderson & Stevens (1973)
found the acetylcholine controlled conductance to be about 3 10 ^ mhos.
If the channel that passed the current responsible for the current fluctuations
seen here had a similar conductance, then the mean event could be calculated:
a - ! « g (V - ECa)
- (3 lO-11) (0.143) A.
= 0.43 10"n A.
While the "mean event" of such a channel is five orders of magnitude larger
than a "mean electrogenic event," it is still rather small when compared
-9
to the estimated mean event of 0.12 10
A.

This calculation suggests that

the estimated mean event is too large to be carried by a single channel.
Of course, one could argue that there is no reason to believe that the
single channel conductances for two such different currents should be
comparable.
Another approach would ask if any physical chemical criteria might
limit the magnitude of a single channel conductance.
just that.
channel.

Hille (1970) did

One such limit is set by the "access resistance" of a
The access resistance is the integral of the resistance of the

solution from infinity to the mouth of the channel.

Since we assume a

circular orifice, the access resistance can be approximated by integrating up
to a hemisphere of radius equal to the radius of the hole. Assuming a channel
o
radius (jr) of 3 A and a solution resistivity, p , of 82 ohm-cm for Tyrode
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solution, the access resistance is given by:
«

P

access

m

2 ur

82 ohms-cm
2 it 3 1<T8 cm

- 4.35 108 ohms
For both sides of the channel, the access resistance is twice the
9
above value or .87 10 ohms, equivalent to a maximum single channel
conductance of 1.15 nmhos.

Such a conductance would predict an upper
_9
limit for the magnitude of the elementary event of .153 10
A. Clearly
this calculation indicates that the measured magnitude of the elementary
event is compatible with single channel current limits set by access
resistance.
Another possible limiting process discussed by Hille is the
replenishment of the supply of ions to a single channel.
neutral particles that may empty intoa hemispherical
radius

of 3 X from a "half

0

The number of

sink with a

space" is given by:

- 2TrrDn - (2tr) (3 10-8) (10~5) (5.4 10"6)

m 1.0 10

“18
6
moles/second * 6.1 10 particles/second

where D is the diffusion constant (10
“6

concentration (5.4 10

-5

2
-1
cm sec ) and n is the molar

3
moles/cm - 5.4 mM, the normal Ca++ concentration).

Hille made the calculation for neutral particles because he noted that
including electrostatic attraction or repulsion did not significantly
change the calculation (it
, , .,6
b t 1 1*U

altered itby a factorof 3).

Particles „ , , ,rt-19 Coulombs
11 m
X 1.0 lU
1 ''
second
charge
-

v 0
X fc

Thus
Charges
particle
,

- 2.0 10_12A

L
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This predicted maximal value of a is nearly two orders of magnitude
smaller than the "measured" elementary event of 1.2 10 ^A.

Even if

we allowed a more plentiful charge carrier like sodium to carry the
current, the predicted value of jj would be too small.

Taking charge

repulsion into account would reduce the predicted value of a still further.
The conclusion from this second calculation is that the elementary
event of .12 nA is too large to be carried by an ion through a 3 X channel.
In principle, then, these calculations rule out the set of hypotheses
that involve the random opening and closing of an ensemble of ionselective channels.
Since a single molecular event apparently cannot be responsible
for the observed current, a reasonable alternative hypothesis would be
that there is some synchrony among the elementary events.

In order

to examine this possibility, I made use of simple "noise" analysis.

Frequency analysis.

The "noise" analysis undertaken involved a

computer calculation of the autocovariance function for the current
fluctuation data.

This function can reveal information about the

time-dependence of the unit event.

The autocovariance function is

defined as follows:
C(j) - ±

I

(xi-x) <xi+j-x)

A perfectly random continuous function would be expected to produce
an autocovariance function with its maximal value at C(O) and decline
to zero at larger values of (j).

See figure 5.6.

Figure 5.7

shows two autocovariance functions resulting from two different segments
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Figure 5.6. Sample data (left) with corresponding autocovariance (right).
(a) sine wave; (b) sine wave plus random noise; (c) narrow-band random noise;
(d) wide-band random noise. (From Bendat & Piersol, 1971).
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Figure 5.7. Autocovariance functions from figure 5.5. The top panel Is
was computed from the sample current record given in figure 5.5 (b) while
the bottom panel was computed from the current record in (c). Preparation
127.2.
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of "noise" each about 15 seconds long.

Clearly the functions shown

are not random, revealing periodicity at low frequencies (less than
one Hz). Preliminary results using longer records were taken by
computer and analyzed.

The resultant power spectra of a variety of

records support this result (Kass

&

Tsien, 1976).

How might one explain periodicity in the events underlying
strophanthidin "noise"?

Since there is reason to believe that increased

(Ca)^ underlies the "noise" and TI phenomena (cf. Chapter 4), one might
imagine that there is a periodicity in the (Ca)^.

Such fluctuation in

(Ca)^ might depend on cyclic release of Ca++ by the sarcoplasmic
reticulum (or possible the mitochondria).
Alternatively the events underlying the noise phenomenon might
require a long cycle time (about 1 second). If this were true along
with a certain degree of interdependence, one might also see
periodicity in the "noise."

DISCUSSION
The present results do not rule out the possibility that the
cardiotonic steroids block any extant electrogenic pumps.

They do

indicate, however, that if they are involved, the net result would be
too small to detect if each pump were affected in an independent,
random manner.

Conceivably, if the pumps were adequately synchronized,

they could influence the measured current.

Clearly this same

possibility could explain how single channels might be involved in
the explanation of the observed current fluctuations.
One of the more notable results of this analysis is the
measured periodicity of the "random" events.

It is curious that
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the autocovariance function indicates a periodicity of about one Hz,
which is roughly the periodicity seen in the TI Itself.

It is

tempting to speculate that the TI event represents a more co-ordinated
summation of the elementary events that normally are seen as current
or voltage fluctuations.

If this were true, then analysis of the

"noise" itself might represent a more direct method of analysis.

It

would certainly circumvent the present problem of having to repolarlze
in order to elicit a TI.
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A MODEL FOR THE TI

Introduction
Review of the TI. The transient Inward current that underlies the
Increase In diastolic depolarization seen In cardiotonic steroid
intoxication has been examined In considerable detail in chapter 3
and chapter 4.

Evidence has been presented supporting the hypothesis

that the TI current is not only carried by calcium Ions but is also
regulated by Ca^

This chapter will be concerned with the presentation

of a model that puts the hypothesis in concrete form and attempts to
account for earlier results.

Scorpion venom. In formulating this model, I have been strongly influenced
by recent studies of the action of scorpion venom in myelinated nerve.
Cahalan (1975) has described a transient inward current that has several
similarities to the TI, although It has a different time course, a
different ionic basis and is found in a different preparation.

Cahalan

applied the venom from the scorpion, Centruroides sculpturatus, to a
single frog myelinated nerve fiber, and looked at membrane currents in the
node of Ranvier under voltage clamp.

Following the application of venom,

he observed a transient inward sodium current on repolarization.
simple model was able to reproduce the observed behavior.

A

Cahalan

assumed that in the venomized node, the kinetics of a certain fraction
of the normal sodium channels were reversibly altered. While the h
3
gates appeared unaffected by the venom, the m gates became susceptible
to "alteration" by a "prolonged" depolarization.

After such a depolarization,
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3

the altered channels seemed to have a new —
m40 curve which was similar
3
to the normal m^ curve, except that it was voltage shifted in the hyper
polarized direction by 40-50 mV.

The simplest model I was able to

construct that could explain a number of experimental observations
on the TIs is somewhat similar to the one proposed by Cahalan.

Summary of the model. The model I am proposing is able to generate
a TI and depends on an alteration in the activation gates of the
slow calcium channel.

The model makes critical use of Ca.^ to bring

about the alteration in the activation process.

While the model

is able to reproduce many of my observations on TIs, It also has
several clear shortcomings.

Its main usefulness lies in suggesting

new experiments.

Formulation of the Model
Let us begin by assuming that the TI current is carried by the slow
inward current channels.

The evidence supporting this assumption has

been presented in Chapters 3 & 4.

Furthermore, it seems fair to assume

that the f^ gates of the slow inward current channel remain unaltered by
the processes that generate the TI.

This seems reasonable because, as

indicated earlier, the magnitude of the TI has a voltage dependence very
similar to that seen for the normal

gates (cf. figure 4.9).

A crucial assumption is that the TI

arises primarily as a result

of an alteration in a variable fraction, a, of d gates.

The fraction of

d^ gates unaltered (1-a) will have the normal voltage and time dependence
while the modified d^ gates will remain open over the entire range of
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experimentally applied voltages.

The actual value of a_ will depend

on the Instantaneous concentration of calcium ions near the sarcolemma.
Figure 6 .1 gives an overview of the model, underscoring the central
position Ca^ plays.
The increase in Ca^ shown in figure 6.1 can be caused by any of the
maneuvers that can lead to a TI:

increased Ca or decreased Na . The
o
o

time course of the Increase in Ca^ will be discussed below.

It is
||

assumed that the increase in Ca^ leads to the binding of Ca

at

sites on the inside of the plasma membrane near <1 gates which alters
surface potential or perhaps leads to a conformational change.

The net

result of the calcium binding is altered kinetics of a fraction of the
d[ gates which is manifest in the development of TIs and a "sag" in
current during depolarization.

The dotted lines in figure 6.1 refer

to possible feedback loops that will be discussed later.
The alteration in the dogates is given by a reaction between
a binding site (B), near the slow inward current channel and
Intracellular calcium:
K.n
B-Ca *=■------- ^ B + nCa
n
where Kn is a dissociation constant with units of moles11. The
value of n was set arbitrarily to four.

Assuming that the four

to one binding and dissociation occur rapidly, the fraction of channels
with occupied binding sites may be written as

((1 + O
where a
is the fraction of slow inward channels which is
max
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r,low t

f Ca. Ur
. i-

Depolarization

1t
ninding of Ca
to site
on inside of membrane
near cl gates leads to
altered surface charge
or some other effect
of binding

altered Uinetics of d gates

TI; "sag” in current
during depolarization

Figure 6.1. Overview of model. Solid lines represent important
elements in the model, while the dotted line represents a possible
feedback loop (see discussion). The central element is the Increased
Ca^ caused by SR release and possible increased entry across the
sarcolemma.
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susceptible to modification.
for simplicity that amax ■ 1*

In this presentation, I will assume
This function is represented graphically

in figure 6 .2 .
Once the Ca^ increases to such an extent that the cl gates are
significantly altered, then the conductance through the slow inward
channels will depend on f_ in the normal way and on ^ and a.
behavior for d^ and f_ is given explicitly in table 6.1.

The normal

The inter

relationship between a and <1 is Illustrated in figure 6.3.

The

numerical value of d indicates the fraction of normal <1 gates that are
open.

Since the model assumes that all of the altered (I gates are open,

the fraction of all <1 gates (both altered and normal) that are open
is given by (a + (1-a) (d)).
closed is ((1-a) (1-d)).
that

The fraction of all ci gates that are

The next question is what are the factors

control Ca^ build-up.

BSssingthwaighte & Reuter (1972) have

looked at the general problem in myocardium and found more rapid
build-up of Ca^ than one would expect.

They proposed the existence

of subsarcolemmal space occupying roughly 1 % of the cell volume.
Their suggestion was specifically based on changes in apparent E^a
following short depolarizing voltage clamp pulses.

As a possible

physical correlate of this space they suggested that there is a
functional enclosure between the SR and the sarcolemma.
is a schematic diagram of one such region.

Figure 6.4

Clearly CaA in that

space will vary as a function of calcium entry and calcium escape.
The major contributors of calcium entry into the space would be the
SR Itself and the slow inward current.

The removal of calcium from

the subsarcolemmal space will depend on the rate of uptake by the
SR and Na/Ca exchange mechanism.
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4
Figure 6.2. Relationship between Ca^/K and a_. K is the dissociation
constant of a receptor that binds four calcium ions. a^ is the fraction
of all sites that are bound. The curve is described by the relationship
given in the figure, where jC ” Ca^/K.

I
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(a)

( I - a)

(d)
a c tivation gates
closed c

open over experimental

open
induction

po ten tial range

a c tiv atio n

n o rm al activation gates

a lt e r e d a c tiv atio n gates

Figure 6.3. Schematic representation of the alteration in voltage
sensitivity required by the model with elevated Ca^. a is the fraction
of all activation-gates in the altered state, while (1-a) is the
fraction of all activation-gates unaffected. The numerical value of
cl indicates the fraction of normal activation-gates that are open. The
model assumes that the altered activation-gates are always open. This
means that the fraction of all normal and altered activation-gates that
are open is given by (a+(l-a)(d)), while the fraction of all activationgates that are closed is ((1-a)(1-d)).

±
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s l o w inward
ca l c i u m
currpnt
A

Voltage dependent
calcium release

calcium uptake mechanism
(with a characteristic^uptake
.. , )

Figure 6.4. The proximity of the SR to the sarcolentma as well as its
large store of Ca, make it an important factor in controlling Ca^ near
a binding site B in the vicinity of the slow inward current channel.
Other important factors in establishing the value of Ca^ are the ATPpowered Na/K pump, the Na-gradient powered Ca-extrusion mechanism and
the influx of Ca through the slow Inward current channel Itself.
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Let us assume that the entry of calcium into the space is
roughly constant at any given potential, then

if

entry

•K

K is directly controlled by the membranepotential.

Let us alsoassume

that the rate of calciumuptake by the RR is a first order process, then

dC
dt

”

exit

C
T

where T is the time constant of uptake.

dC

dC

d t ’

It

Combining these two equations gives

. dC
„

entry

+

It

exit

„

C

’ K '

T

C will thus be an exponential function in time.

During a depolarizing

voltage clamp pulse to apotential, V,

C “ C + (C - C ) (1 - e"t/T)
o
00
o
where C is equal to the value of C at the holding potential and C is
o
®
equal to KT and is the steady-state value of C at the potential V.
Figure 6.5 is meant to illustrate how the variables described in
this model change with time as a result of a depolarizing voltage
clamp pulse from -60 mV to 0 mV.

The voltage pulse is shown in the top

panel of the figure, while the bottom panel shows the final result,
namely how the ionic current changes with time.

Clearly there is an

initial surge of inward calcium current that inactivates rapidly.
On repolarlzatlon a transient inward current is seen.
this is roughly what one would expect to see.

Qualitatively,

The only missing element

is a rapid surge of Inward current on repolarlzatlon.

This is not
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Figure 6.5. Response of the model to a depolarizing voltage clamp pulse.
The top panel shows the voltage clamp step from -60 mV to 0 mV for
2 seconds. The second panel shows how both £ (bottom initially) and
_f (top) behave with the 40 mV depolarization. The third panel shows the
product of a and
which mirrors the conductance through the altered
gates. The fourth panel shows that portion of the total conductance
due to the normal d^ gates and is given by (d) (f) (1-a)._ The fifth
panel shows the calcium current, 1^, , which is given by Rca(E~Epa)(f)
£a + (d) (l-a)]|. The sixth panel sflows the total cur rent, awhicn is just
the calcium current adjusted for the background current-voltage relationship.
T ■ .5 seconds, (figures 6.5 - 6.10 were generated by PDP-8 computer).

X
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seen here because I have assumed that d changes Instantaneously with
potential.
The bottom panel can be better appreciated if we carefully review
each of the component parts.

Panel 2 shows the simultaneous exponential

decline of f^ and sigmoid rise of a with a depolarizing voltage clamp
pulse.
values.

Following the pulse both a and

return to their pre-pulse

As is shown graphically in panel 2, _f rises and falls

exponentially with a time constant that depends on potential.
table 6.1.

See

The rate of rise and fall of £ depends on two factors,

namely T, and the four for one binding curve.
.5 seconds here;
The product

T was chosen to be

elsewhere it was set equal to 1 second.
of (a) (f) is given in the third panel.

Here we

can see the overall contribution of the altered channels to the final
i„

la

shown in panel 6.

Clearly the altered channels are responsible for

the TI, but they only add a small amount of current to the initial
Inward surge of current on depolarization.
The fourth panel shows (d) (f) (1-a) which is just the contribution
of the unaltered d gates to the overall calcium current.

While the

unaltered gates dominate the initial inward surge of current during
depolarization, they add nothing to the TI current, because id goes
instantly to zero at -60 mV.
The fifth panel shows the calcium current at low gain.
curve is given by g^CE-E^) (f) (a + (l-a)d).

This

The sixth panel

shows the total current, which is just the calcium current adjusted
for the background current-voltage relationship (see table 6.1).
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Table 6.1

Assumed Parameter Values

g (E - E
)
rev

(Vitek & Trautwein, 1971)

0.8 mrnhos/cm

(McAllister et al., 1975)

E
=
rev

+ 70 mV

(McAllister et al., 1975)

d

1/(l+exp((-22.5-V)/7.6))

(Trautwein et al., 1975)

1/(l+exp((V+28)/8.3))

(Trautwein et al., 1975)

-

(assumed d = d )
see below

V
(mV)

i (background)
(Dimensionless)

(seconds)

(yA/cm2)

0

3

.1

20

-10

2

.1

20

-20

1

.1

20

-30

0

.2

20

-40

0

.3

0

-50

0

.4

0

-60

0

.5

0

-70

0

.4

0

-80

0

.3

0
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Successful Predictions

(1) Sigmoid development of TI. A particularly striking feature of the
development of the TI is Its sigmoid onset.
no TI.

Very short pulses produce

Increasing the length of the depolarizing pulse brings about a

rapid development of the TI until it reaches a relatively steady level.
Experimentally such behavior is already familiar (see figures 3.5 through
3.9).

Figure 6.6 shows how the model generated a series of TIs following

pulses to -10 mV from a holding potential of -60 mV for a variable
time, t.

A short pulse for .25 seconds produces no transient inward

current.

The TI then grows rapidly for longer pulBes and appears

to be reaching a steady state with the 4 second pulse:

it thus

reproduces the sigmoidlcity seen experimentally.
Figure 6.7 shows how the sigmoidlcity is built into the model,
showing a as a function of time.

Each of the five curves assumes an

initial value of Ca^/K of zero but a different steady-state value of
Ca^/K with a constant value of T ■ 1 second.

The smallest curve

assumes a final value of .5 for Ca^/K, while the largest assumes a
steady-state value of 3.0.

From the curve given in figure 6.2, the

corresponding steady-state values of a for these values of Ca^/K
are .059 and .99 respectively.

Thus the underlying difference

in

these curves of _a is simply the final steady-state value of Ca^/K.
The sigmoidlcity in these curves reflects the exponential growth
of Ca^/K with time combined with the fourth power relationship between
ji and Ca^K.
Since Ca^/K is assumed to begin at zero at the beginning of a
depolarizing voltage clamp pulse, a^ moves up the foot of the sigmoid
curve during the pulse.

During repolarization, however, £ changes
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r
,A/cm2

J -50

sec

Figure 6.6. Effect of increasing depolarizing pulse length on TI
magnitude. Depolarizing pulses from -60 mV to -10 mV were applied
for a variable period of time. Model simulated total current records
were superimposed for 0.25, 0.5, 0.75, 1, 1.5, 2,3, and 4 second pulses.
The TIs appear to grow in magnitude in a sigmoid manner. T » 1.0
seconds.
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sec
Figure 6.7. a(t) for different Ca^K. ^(t) was monitored during a
4 second period as Ca^/K varied exponentially from 0 to a set final
value with a T ■ 1.0 second. The five curves had final values of
Ca^/K (bottom to top) of 0.5, 1, 1.5, 2, and 3.

!

I
I
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more rapidly with time since it is already on a steeper portion of
the curve.

This asymmetry can be seen in panel 2 of figure 6.5.

(2) Larger TIs for greater depolarizations. For the purposes of
this model there is an assumed relationship between steady-state values
of Ca^/K and membrane potential, as is indicated in Table 6.1.

Thus

for greater depolarizations, larger steady-state values of Ca^K are
assumed.

Figure 6.8 shows four total current records for a two

second depolarization from a holding potential of -60 mV to -30, -20,
-10 and 0 mV.

The corresponding steady-state values of Ca^/K are 0,

1, 2 and 3, respectively, and reflect more and more complete alteration
of the d-gates.

We see, then, the predictable and hoped-for result of

a growing series of TIs.

In this respect figure 6.8 is rather similar

to figure 3.5.

(3) Delayed development of steady Ca current. Looking carefully at
figure 6.8, it is possible to see that for relatively negative
potentials (see third panel), the current during the pulse does not
approach a steady final level, but appears to decline with time.
fall off in current is better shown in figure 6.9.

This

In this example

a three second depolarizing pulse from -60 mV to -15 mV is compared under
"control" conditions and after the "application of strophanthidin."
For the purposes of the simulation, it was assumed in both caseB that
the initial value of Ca^/K was zero and the final value in the "control"
record was .5 and in the "strophanthidin" record was 1.5.

Such

assumptions are consistent with the notion that strophanthidin Increases
Ca^, but as Indicated earlier, the exact value of Ca^/K is arbitrary.
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Figure 6.8. Effect of depolarizing potential on TI magnitude. A 2 second
depolarizing voltage pulse to varying potentials was imposed from a holding
potential of -60 mV. The model-simulated current records accompanying
voltage pulses to 0, -10, -20, and -30 mV are shown (top to bottom).
Greater depolarizations produce larger TIs. T»1 second.
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Figure 6.9. Model-produced "sag.” Superimposed current records from
3 second depolarizing voltage clamp pulses from -60 to -15 mV are shown
under "control" and "strophanthidin" conditions. For the purposes
of the simulation, it was assumed that the initial value of Ca^/K for
both runs began at zero and rose to .5 in the control run and to 1.5 in
the strophanthidin run. The "strophanthidin" run produced considerable
"sag" as well as a large TI. T ■ 1.0 second.
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In any case, the "sag" seen in the "strophanthidin" record is quite
obvious.

The progressive increase in inward current which constitutes

the sag is due to the progressive shift of the normal id gates to the
altered form.

The gates are altered during the pulse because the

depolarization favors the increase of Ca^.
Such behavior has often been observed in voltage clamp experiments.
For example, figure 3.5 shows "sag" for depolarizing pulses to
-29 mV and -15 mV but not -6 mV.

The limited range of potentials

which gives "sag" can be accounted for by the model.

Clearly the

alteration can only be seen if all of the normal <1 gates are
not open (i.e. d^ <1).

For that reason the "sag" is not produced

with very strong depolarizations because d^ approaches a value of 1
and f^ approaches zero.

At more negative potentials, the "sag"

is not seen because the low value of Ca^ does not favor the change
of normal d_ gates to altered gates.

(A) Larger

TIs for greater repolarizations. Figure 6.10shows how

the model predicts
repolarizations.

TI magnitude to increase

with successively larger

In this case a two second depolarizing pulse from

-60 mV to 0 mV was followed by repolarizations to a potential, V.
was varied in 10 mV increments from -20 mV to -80 mV.

V

The decay time

for the inactivation process was assumed to be .5 seconds at -60 mV
and to get

smaller on either side of -60 mV

as indicatedin table 6.1.

Thus three

factors favor the development of

a large TI.The first is

a rapid onset of f_t the second is a large f and the third is a large
driving force for calcium entry.

Since the maximum value of

is

assumed to lie at -60 mV and since the TI increases up to that potential,
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Figure 6.10. Effect of repolarization potential on TI magnitude. Modelgenerated current records are shown during and following a 2 second
depolarizing pulse from -60 mV to 0 mV followed by repolarization to a
variable potential as indicated above. The magnitude of the TI grows
with greater repolarizations. T - 1 second.
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the two dominant factors in the development of the TI with more
negative repolarizations are f and the driving force for calcium
entry, E~ECa* These results agree rather well with experiments
shown in chapter 3; see, for example, figure 3.12.
Similar arguments could be applied to explain the effect of the
brief pulse in figure 3.13.

Following tha depolarizing pulse was a short

200 msec pulse to either -40 or -80 mV.

The brief pulse was followed

by return to the holding potential of -60 mV.

The TI following the brief

pulse to -80 mV was significantly larger, even though both TIs were
recorded when the potential had returned to -60, where the driving force
was presumably identical.

The obvious explanation, then, is that more

inactivation was removed during the pulse to -80 than there was during
the pulse to -40 mV.
Shortcomings
There are two notable failures of the model.

First, the model

predicts an initial value of current following step repolarization
that is more inward than observed experimentally when TIs are present.
The reason for this increased initial inward current is that f (V) is
00

nonzero at the end of the depolarizing pulse.

Any alteration of the cl

gates by the end of the pulse will thus be revealed as initial current.
Such behavior is particularly prominent at potentials where "sag" Is seen;
compare figures 3.5 and 6.9, for example.
The second shortcoming is that the time to TI peak gets longer with
larger TIs according to the model, while experimentally, just the opposite
had been observed.

This is illustrated in figure 6.11.

Compare

also experimental records 3.5 and 3.12 to records produced by
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the model and Illustrated In figures 6.6 and 6.8.
Actually these two difficulties can both be overcome by setting
the value of Ca^/K at the holding potential
While this alteration in

to a

the model remedies both

nonzero value (like.75).
discrepancies between

the model generated currents and experimental observation, it causes
the model to fail in other aTeas.

When Ca^/K begins at .75, for example,

the shape of the TI current is compromised and the sigmoid onset is
abolished.

While it is quite clear that this simple model cannot

reproduce all aspects of

TI behavior, it is useful in provoking

additional experiments.

Further discussion will

be taken up later.

Discussion
More realistic modeling. One obvious logical flaw in the simple model
presented is the absence of any mention of the calcium carried by
the TI Itself.

While there is clear evidence presented in chapter 3

that "accumulation" of something, presumably Ca, takes place during
a depolarizing voltage clamp pulse, no clear case for or against
the involvement of the TI calcium itself has been made.

Figure 3.11

suggests involvement, but the evidence is rather marginal at this
point.

In figure 3.11 the upper curve represents the decline in

the TI following a second depolarizing pulse as a function of the
time between the two pulses.
TI at the same time scale.

The bottom figure shows a hand-drawn
The point here is that the TI appears

to get larger as the time between the two pulses begins to Include
the TI that follows the first pulse.

Although the evidence for the

involvement of TI calcium in subsequent events is not overwhelming
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Figure 6.11. Time to Tl-peak as a function of TI magnitude. "Time to
Tl-peak" is the time from the moment of repolarization to the moment of
the peak transient inward current. A comparison of time to Tl-peak
is made between experimentally produced TIs and TIs generated by the
model. The data from the model were taken from figure 6.1 (shown by
smooth curve) while the "experimental" data were taken from figure 3.6
(same symbols as in figure 3.6).
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at this point, it certainly ought to be looked at more carefully and
possibly included in a more comprehensive model.
The other transient source of calcium not explicitly included in
the model was the calcium carried by the slow inward current.

The

phasic behavior of this current (a surge on depolarization and on
repolarization) could possibly play a role in the development of the
TI.

Conceivably the Inward surge of calcium on repolarization could

serve as a signal for the generation of the TI.

In any case these

time-dependent surges in calcium entry should be further explored
in that regard.

The one experiment presented that looked at the

effect of the repolarizing surge of the slow inward calcium current
was ambiguous.

Figure 3.13 shows the effect following a depolarizing

clamp pulse of varying the potential of a 200 msec pulse on the TI
that developed at a fixed potential.

This experiment was just discussed

in this chapter and the earlier explanation for the larger TI following
the more negative brief pulse was that more inactivation was removed.
Conceivably, however, the larger calcium driving force during the 200
msec following the depolarizing pulse can lead to a larger surge of
calcium during the brief pulse and that surge of calcium can lead, in
turn, to the larger TI.

Clearly the role of the various calcium currents

in the overall development of the TI needs further explication.

Fluctuations and positive feedback.

The simple model already discussed

makes no pretext at explaining the fluctuation data.

Since the preliminary

frequency analysis presented here and the preliminary results from the
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experiments of Kass & Tsien (1976) indicate that most of the fluctuations are
not random but Instead contain a preponderance of low frequency components,
it would seem that an underlying oscillation might be involved.

At

present, our knowledge of the system is Inadequate to make a more
explicit model involving an oscillator.

The obvious candidate, however,

for a feedback mechanism involves Caj and the alteration of the jrt gates.
It is not clear, however, whether the system could give a stable
limit cycle (Jones, 1961).

An increase in Ca^, for example, would

tend to increase the number of altered ji gates which would generate
more inward calcium current, thus further increasing Ca^

Such a

positive feedback system might not sustain a periodic oscillation, unless
appropriate restorative forces were also included in the model.
Another kind of cyclic phenomenon might be responsible for the
observed fluctuations.

One could imagine cycles of Ca uptake and release

by the SR (see Fabiato & Fablato, 1972).

In order to include such a

mechanism in a general model, however, much more information is needed
on the SR,

One possible way of examining this sort of hypothesis is

to directly interfere with the SR calcium cycles by applying drugs like
caffeine which bring about Increased release of calcium from the SR.
Alternatively injecting a calcium buffer like EGTA might provide some
information.

Inactivation of fluctuations. If the TI and the fluctuations are both
caused by the same underlying phenomenon, and if that phenomenon involves

1
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the alteration of the

gates and not the _f gates, then one should

be able to Inactivate the fluctuations.

Figure A.9 was used to

demonstrate that the TI phenomenon inactivated just like the slow
inward current channels.

In that experiment a depolarizing voltage

clamp pulse to -20 mV was followed by a variable repolarization level.
One would expect significantly less "noise" at the more positive
potentials if the current "noise" reflects current passing through
slow inward current chanels altered as described above, because
no current at all could traverse the channels with f closed.

j
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